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ABSTRACT 
 
Gas separation membranes of high CO2 permeability and selectivity have great potential in both 
natural gas sweetening and carbon dioxide capture. Polymer of intrinsic microporosity (PIM) has 
got many promising results in this regard. Many modified PIM membranes results permselectivity 
above Robinson upper bound. The big problem that should be solved for these polymers to be 
commercialized is their aging through time. 
 
In high glassy polymeric membrane such as PIM-1 and its modifications, solubility selectivity has 
more contribution towards permselectivity than diffusivity selectivity. So in this thesis work pure 
and mixed gas sorption behavior of carbon dioxide and methane in three PIM-based membranes 
(PIM-1, TZPIM-1 and AO-PIM-1) and Polynonene membrane is rigorously studied. Sorption 
experiment is performed at three different temperatures (25°C, 35°C and 50°C) and three different 
molar fraction of carbon dioxide up to a pressure range of 35 atm. 
 
Sorption isotherms found from the experiment shows that there is a decrease of solubility as the 
temperature of the experiment increases for both gases in all polymers. There is also a decrease of 
solubility due to the presence of the other gas in the system in the mixed gas experiments due to 
competitive sorption effect. Variation of solubility is more visible in methane sorption than carbon 
dioxide, which will make the mixed gas solubility selectivity higher than that of pure gas solubility 
selectivity. 
 
Modeling of pure and mixed gas sorption of carbon dioxide and methane in the polymers above is 
also performed using dual mode sorption model and Non-equilibrium lattice fluid model. The 
results estimate the experimental data’s correctly. This reveals that the models can be used to 
estimate pure and mixed gas sorption data’s in the absence of experimental results.  
 
To see the effect of physical aging on sorption results of carbon dioxide and methane in glassy 
polymeric membrane, experiment is carried out on heat treated and untreated samples. The result 
shows that the sorption isotherms don’t vary due to the application of heat treatment for both carbon 
dioxide and methane in PIM-1 and TZPIM-1. But there is a decrease in the diffusivity coefficient 
and permeability of pure gases due to heat treatment. Both diffusivity coefficient and permeability 
decreases with increasing of heat treatment temperature. 
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Diffusivity coefficient calculated from transient sorption experiment and steady state permeability 
experiment is also compared in this thesis work. The results reveal that transient diffusivity 
coefficient is higher than steady state diffusivity selectivity. 
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1. General Introduction  
Jean Antoine Nollet reported, in 1748, a pig bladder which is a natural membrane was more 
permeable to water than ethanol. This is considered as the first recorded description of semi-
permeable membranes [1-3].  After this many experiments were carried out that indicate various 
gases passed through the same material at different rates, this concept plays important role in 
development of polymeric gas separation membrane [4]. 
Polymer-based gas separation membranes have many contributions towards a number of important 
energy and environmental technologies. Air separation, hydrogen recovery, natural gas sweetening 
[5, 6] and carbon dioxide capture [7, 8] are among the hot application areas of gas separation 
membranes which became widely applicable in the past two decades [9]. They have simple concept 
and operation which gives them an advantage of low cost and better energy efficiency. 
 
There was a significant increase in gas separation membrane market since its beginning in the late 
1970’s and it is expected to continue growing in the future [10]. This is expected since there are 
different researches going on to develop new membrane materials for gas separation, with higher 
permeability and selectivity. According to Baker et al. [10] the market potential for membrane gas 
separation will double from $350 million in 2010 to $760 million in 2020. A milestone chart 
summarizing the development of membrane gas separation technology is displayed in Figure 1.1 
[10].  
 
Amine absorption technology was more abundantly used in separation of carbon dioxide from 
natural gas before introduction of membrane technology.  Early membrane technologies show 
difficulties in achieving lower loss of methane during processing compared to amine absorption 
technique. Better membranes and improved process design have since improved the 
competitiveness of membranes in this area [12]. 
Membrane-based removal of natural gas contaminants is the most rapidly growing segment of the 
membrane gas separation industry, especially in applications for the separation of carbon dioxide, 
nitrogen, and heavy hydrocarbons. Improvements in polymer performance, membrane structure, 
module fabrication, and process design have all contributed to increasing the potential range of 
applications for membranes in natural gas treatment. Membranes now give natural gas producers an 
additional tool for upgrading the quality of the gas streams that they can deliver to the natural gas 
market [11]. 
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Current carbon dioxide/Natural gas separating units use cellulose acetate membranes with carbon 
dioxide/methane selectivity of 15. Replacement of these membranes by polyimides or polyaramide 
with selectivities of 20-25 will certainly increase the membrane market share. If membranes with 
selectivities of 40 can be made commercially, membrane technology will replace most amine 
plants. Membrane materials with these selectivities have been reported in laboratory studies, so the 
issue is one of scale-up and commercialization [10]. 
 
Different materials are being used in membrane gas separation, either polymeric or inorganic. 
Polymeric membranes used for gas separation are generally asymmetric or composite and their 
transport mechanism is based on solution-diffusion model. These membranes, made as flat sheet or 
hollow fibres, have thin, dense skin layer on a micro-porous support that provides mechanical 
strength [13]. With respect to porous inorganic materials polymeric membranes show high but finite 
selectivity due to their low free-volume [14]. There are limited numbers of polymeric materials 
used for preparing at least 90% of the membranes in use [10] such as polysulfone, polyimide and 
silicone rubber to list some.  
 
Polymeric membranes can be fabricated from either rubbery or glassy polymers. Rubbery and 
glassy polymers are categorized by the temperature at which the amorphous polymeric material is 
used. 
 
Glassy membranes, which operate below the polymers glass transition temperature, have drawn 
more attention in recent research, because the more restricted segmental motions in glassy polymers 
enhance the “mobility selectivity” compared to rubbery polymers [15, 16]. For instance, glassy 
polyimide‐based membranes have been proved to exhibit good separation performance and have 
already been used in many natural gas applications [10]. However, the implementation of CO2 
separation systems using glassy polymeric membranes poses significant challenges, including 
membrane plasticization, physical aging, thermal/chemical attack, and the influence of impurities 
such as water vapour, hydrocarbons, SOx and NOx [7]. 
Even though they cannot withstand high temperature and aggressive chemical environment, 
polymeric membranes represent a good solution for application in small to medium scale separation 
and non-stringent product purity requirement due to the low cost, ease of processing and low foot- 
print requirements [11]. Many polymers can be swollen or plasticized when exposed to 
hydrocarbons or CO2 at high partial pressure, which may reduce selectivity dramatically. 
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Fig 1.1. Milestones in the development of membrane gas separation [10]. 
 
Recently, new class of polymers of intrinsic microporosity (PIM) was reported by Budd et al [17] 
for different gas separation application. These materials have contorted ladder-like backbones 
which consist of spiro-centers and rigid fused dioxane rings that prohibit the relaxation of the 
porous structure. The rigidity of their structure gives rise to remarkable microporosity which gives 
high permeability and selectivity of gases, and allows locating PIM1 in the high performance region 
of Robinson’s plot [18]. 
 
Du N et al reported a modified polymer of intrinsic microporosity using “click chemistry” [2+3] 
cycloaddition reaction to yield a novel PIM containing tetrazole group [19]. CO2-philic tetrazole 
group added to the PIM structure via post-polymerization increases the solubility of carbon dioxide 
more than other gases. TZPIMs are of interest for their potential to yield both high CO2 permeability 
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and high CO2/light gas selectivity because of the presence of strongly CO2-sorbing tetrazole 
heterocyclic rings bound to a highly porous polymer matrix. 
 
Yavuz et al [20] reported amidoxime-functionalized PIM membranes using noninvasive 
functionalization to improve carbon dioxide capacity without adversely affecting physicochemical 
properties. Mixed gas permeability of CO2/CH4 mixture using this membrane is reported by Ingo et 
al [21] which shows there is an improvement in permselectivity of the membrane.  
 
Our present aim is to study the mixed gas solubility and solubility selectivity of CO2/CH4 mixtures, 
in view of analysing their relevance in the removal of carbon dioxide from methane stream in 
natural gas processing or biogas purification using different glassy polymers. Carbon dioxide is the 
common contaminant of natural gas and must be removed to the level of<8% (usually <2%) to meet 
the quality requirements for CH4 distribution pipelines, to minimize corrosion of the pipe line and 
improve the heating performance of methane [11].   
 
Modelling of mixed gas solubility and solubility selectivity of CO2/CH4 mixture at different molar 
fraction of CO2 and pressure is carried out using Dual mode sorption model and Non-equilibrium 
lattice fluid model. Studying the effect of physical aging through high temperature treatment to the 
glassy polymers is also a part of this research work. Transient and steady state diffusivity is also 
examined to show the difference in the results of diffusivity coefficient from pressure decay 
(sorption) and permeability experiment.  
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2. Literature Review 
 
2.1. Introduction 
 
This chapter comprises the relevant background and review of peer-reviewed research literature in 
the areas of membrane gas separation and its transport mechanisms in glassy polymers. Different 
technologies used for gas separation are studied in comparison with that of polymeric membrane 
gas separation. Advantages and disadvantages of polymeric membrane gas separation technology 
are presented briefly. 
 
The transport mechanism of gases in different type of materials is introduced. The governing laws 
of transport mechanisms of gases in polymeric membrane are presented thoroughly. Solubility, 
diffusivity and permeability of gases in membranes are explained with literature review. 
Permselectivity which is the ratio between the permeability of the highly permeable gas to that of 
permeability of less permeable gas is explained. Permeselectivity is due to diffusivity selectivity 
and solubility selectivity of gases in the polymer. 
 
The solution diffusion model which is the governing principles in the transport of gases in dense 
materials is discussed. It says that the polymer is sorped at one side of the polymer (membrane), 
diffuse through the membrane and finally dissorpes at the other side of the membrane. 
Permeability in high free volume glassy polymer is mostly due to solubility selectivity so this work 
mostly discusses about the solubility selectivity of CO2/CH4 mixture in different high free volume 
glassy polymers. The effect of one gas presence on the other gas solubility selectivity is also 
presented to show how it affects the solubility selectivity.  
 
The effect of physical aging and temperature on solubility of gases in polymeric membrane is 
discussed in detail. The major problem of polymeric membranes is their aging through time which 
reduces the selectivity. In this work we tried to see the effect of physical aging on solubility 
coefficient of both CO2 and CH4 in different polymers.  
The effect of temperature on solubility is described by Vant’ Hoff equation in which the solubility 
coefficient decreases as the temperature increases. Enthalpy of sorption is calculated for all pure 
and mixed gas solubility coefficients and its value is negative which shows sorption experiment is 
exothermic process. Finally the objective of this research work (PhD Thesis) is presented in detail.  
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2.2 Different technologies for gas separation  
 
2.2.1 Adsorption-based technologies 
 
Since the invention of synthetic-zeolites in the 1940s, with the emergence of various adsorbents and 
the development of adsorption-based separation processes, adsorption has become a key gas 
separation tool in industry [22-24]. 
 
With the synthesis of more and more new sorbent materials with tailor-made porosity and surface 
properties and the urgent demand for green separation procedures, adsorptive separation will 
become increasingly more important. Thus, adsorptive separation will likely play a key role in 
future energy and environmental technologies [23, 26]. 
 
A general process of adsorptive gas separation or purification includes passing a gas mixture 
through a column packed with adsorbents or fixed-bed adsorbers to yield a product enriched in the 
more weakly adsorbed component. This is then followed by desorption of the strongly adsorbed 
component so that adsorbent can be reused [26]. The high separating power is the result of the 
continuous contact and equilibration between the gas and adsorbent. A number of such cyclic 
processes are available depending on the method of the adsorbent regeneration, including thermal 
swing adsorption (TSA) cycles, pressure swing adsorption (PSA) cycles, inert purge cycles, 
displacement cycles, and so on. 
 
In adsorptive separation processes, gas separation is achieved based on the differences of adsorption 
capability of different components in the adsorbent. The performance of any such process is directly 
determined by the characteristics of the adsorbent in both adsorption equilibrium and kinetics [27, 
28]. The related basic principles of adsorption are described in detail elsewhere [28- 30]. In addition 
to acceptable mechanical properties, a promising adsorbent should possess not only good adsorption 
capacity and selectivity, but also favorable adsorption kinetics and regenerability. To satisfy these 
requirements, the adsorbent should first have a reasonably high surface area as well as relatively 
large pore sizes for porous materials to allow adsorbate molecules to approach the interior surface. 
For instance, zeolites, with their uniform and somewhat tunable pores, have played a major role in 
the development of adsorption technology and are widely used in industrial separation [31, 32]. 
Notably, in practical separation processes, adsorbents often require binder materials to provide 
mechanical strength and to reduce the pressure drop in adsorbent columns. These inert diluents also 
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provide a suitable mesoporous or macroporous structure to facilitate transport of the adsorbate 
molecules from the external gas phase to the adsorbent pores. 
 
Experimentally, at a given temperature, the adsorption quantity of a gas can be measured by an 
adsorption isotherm which is generally carried out by one of two methods: volumetric or 
gravimetric. The adsorption isotherm (namely equilibrium isotherm) characterizes the adsorption 
equilibrium, which is the foundation for the evaluation of adsorptive separation. The equilibrium 
isotherm is also the predominant scientific basis for adsorbent selection. 
 
Commonly used materials for gas separation and purification in industry are mainly limited to four 
types: activated carbon, zeolites, silica gel, and activated alumina. Future applications of adsorptive 
separation depend on the availability of new and better adsorbents. ‘‘Ideally, the adsorbent should 
be tailored with specific attributes to meet the needs of each specific application’’ [26]. Exploitation 
of better adsorbents, especially those easily tailored, can thus improve the performance of the 
current industrial processes 
 
 
2.2.2 Cryogenic separation 
 
Cryogenic separation involves compression and cooling of gas mixtures at various levels to 
facilitate phase change of one gas along with constituents which can then be separated using 
distillation [33]. The advantages of this process are that no chemical absorbent is needed, can be 
operated at atmospheric pressure and its compatibility with both pre-and oxy-combustion carbon 
capture with easy transport of liquid CO2 formed. Its draw backs are its feasibility at high CO2 
concentrations (450%), formation of ice or solid CO2 clathrates in the presence of water vapor 
leading to serious plugging, pressure build-up issues and reduction of heat transfer rates due to thick 
CO2 layers formed on heat exchange surfaces [34- 36]. 
 
Cryogenic separation of air is known from the early 19th century onwards. Cryogenic separations 
suitable for high CO2/H2S gases in natural gas were mostly employed for off-shore applications. 
Some of the noted processes patented are the Ryan Holmes method (1982) [37], the controlled 
freeze zone (CFZ) method (1985 at Exxon Mobil Upstream Research Company) [38, 39], the 
Cryocell method (developed by Cool Energy Ltd and tested in collaboration with Shell in Australia, 
Perth) [40], Twister technology (2004) [41] and the Sprex method (developed jointly by IFP, Total, 
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and Prosernat, 2007) [42]. It has been noted by Yongliang Li [43] that separation by the cryogen 
occurs due to decrease in its internal energy with increase in exergy and also it can be an efficient 
medium to recover heat due to their low critical temperature. Oxygen is produced commercially 
either by cryogenic distillation processor by adsorption based processes such as VPSA. The detail 
process for air separation using cryogenic separation is presented elsewhere [44]. 
 
 
2.2.3 Absorption process  
 
Absorption with simultaneous chemical reaction is used widely to remove acid gases such as CO2 
and H2S from hydrocarbon and inert mixtures. The chemical reaction can significantly increase the 
solubility of a gas, reducing the required solvent flow rate for a given removal specifications. 
Furthermore if the chemical reaction is fast enough, it increases the rate of absorption, thus 
increasing the over-all liquid-phase mass transfer coefficient and subsequently reducing the size of 
the required absorption column. If the solvent is reactive preferably toward one particular gas in a 
mixture, it can be used for selective removal [45].    
 
At present, absorption is one of the most widely applied technologies for upgrading biogas [46]. 
Water and amine are the two representative absorbents for CO2 capture [47]. For the water 
scrubbing process, the microbial growth on the surface of packing material and the low flexibility 
toward variation of input gas are the main drawbacks. In addition, water consumption is huge and 
the CO2 cannot be recycled [48]. Amines are the widely used chemical solvents which can enhance 
CO2 absorption rate and capacity. However, the degradation of amine, the high energy consumption 
during regeneration and the loss of the amine are the common problems [49].  
 
Absorption based carbon capture employs physical or chemical inter-actions between the CO2 and 
the absorbent [50, 51]. Solvents like rectisol, selexol, etc. are employed for physical absorption 
[34]. For chemical absorption, solvents like amines, alcohols and their compatible blends, liquid 
ammonia and alkalies like NaOH, K2CO3, and Na2CO3 are employed. Chemical absorption is 
widely employed due to higher capture efficiencies even at low concentrations of CO2 and higher 
selectivity's [52- 58]. 
 
Physical absorption of gas or gas mixture components in a liquid solvent comprises mass transfer at 
the gas– liquid interface and mass transport within the phases. It depends on the gas solubility and 
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the operating conditions (e.g. pressure and temperature). A classic example of physical absorption 
of a gas into a liquid is the absorption of carbon dioxide (CO2) into water (H2O) – usual in the 
beverage industry. Chemical absorption, also known as reactive absorption (RA), is based on a 
chemical reaction between the absorbed substances and the liquid phase. It largely depends on the 
stoichiometry of the reaction, concentrations of the reactants and mass transfer rates. 
 
Among them, chemical absorption (e.g., amine and hot aqueous K2CO3 solution) is effective for 
dilute CO2 streams, such as coal combustion flue gases, which typically contain only about 10% - 
15% CO2 by volume [59- 61]. From the perspective of energy consumption, physical absorption 
(e.g., Selexol solvent) is typically used for CO2 removal from syngas before combustion because it 
exhibits good absorption property at high pressure [62, 63]. 
 
Both these absorption methods have drawn considerable attention and have been applied in some 
demonstration projects because of their relatively high maturity and feasibility for large-scale 
utilization; however, these methods continue to present certain difficulties such as the stability of 
the solvents and the huge energy requirements for stripping CO2 from the loaded solvent [63- 65]. 
 
A number of materials have the ability to absorb oxygen at one set of pressure and temperature 
condition, and desorbs it at a different set of condition. These materials used to separate air into its 
main component nitrogen and oxygen through absorption. MOLTOX
TM 
is one of such materials 
investigated by Air products and Chemicals (Allentown, PA).  The process is based on absorption 
of oxygen by a circulating molten salt stream, followed by desorption through combination of heat 
and pressure reduction of the salt stream [66]. 
 
Current research activities concerning reactive absorption for the removal of CO2 and/or H2S 
containing gases are mostly addressed to carbon capture and storage. When integrating amine 
scrubbers into a power plant, the energy requirements will increase enormously [67]. However, 
Rochelle [68] claims that amine scrubbing will probably be the dominant technology for CO2 
capture from coal-fired power plants in 2030. Hence, there is a huge potential for optimization 
which will require significant research work. 
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2.2.4 Membrane technology 
 
Application of membrane technology in gas separation was introduced by Thomas Graham [69] in a 
study on permeation rate of different gases across a semi-permeable membrane. In the early 1980s, 
an industrial unit using amine columns for CO2 and H2S removal from a gas stream was installed 
incorporating polyimide (PI) membranes [70]. Some researchers have proposed combination of 
membrane and amine processes to make the process more effective and less expensive [11]. In 
1981, the industrial membrane gas separation was initiated by Henis and Tripodi [71]. They coated 
a thin permeable polymer layer on the asymmetric membrane and fabricated a composite membrane 
suitable for gas separation. 
 
There are three important operational variables affecting gas separation membrane process 
performance, including stage cut, transmembrane pressure and membrane selectivity [69]. In 
addition, many other factors have a crucial impact on membrane performance such as membrane 
material and structure, configuration (e.g., flat, spiral-wound, hollow fiber), membrane thickness 
and module and system design. Among others, membrane materials and structures have the 
strongest effect on membrane performance [72]. A wide range of materials are employed for 
fabrication of membranes. Metals, molecular sieves, polymers and glasses are the most widely used 
materials. The diversity of materials makes membranes applicable in a wide range of industrial 
separation processes, including air separation, hydrogen recovery, natural gas processing and light 
gas separations [73]. 
 
Molecular sieve membranes provide considerable discrimination based on size or shape of gas 
molecules by letting some of component gases to preferentially pass through. Structures of 
molecular sieves with their pores in the range of angstrom make them good candidates for use in 
gas separation. Their internal voids are made in different sizes and shapes of cavities and channels 
[74]. The properties of molecular sieve membranes such as high thermal and chemical stability, 
high mechanical strength as well as their high separation performances, make them exceptionally 
good candidates for harsh operational conditions. However, fabricating molecular sieve membranes 
of large surface areas for commercial exploitation is laborious and costly, thus hindering its large-
scale industrial applications [75]. Difficulties in preparing a defect-free membrane as well as high 
manufacturing cost are major drawbacks for the large-scale implementation of inorganic 
membranes [76].  
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On the other hand, academic investigators and industrial suppliers have employed organic polymers 
as asymmetric nonporous membranes that offer many desired properties including low operating 
cost and ease of construction and excellent processability. Polymeric membranes, due to the trade-
off relationship between selectivities and permeabilities, generally undergo an upper bound 
limitation. This upper bound for various binary gas pairs was first suggested by Robeson in 1991 
[77]. The transition state theory also expressed the presence of a superior limit (an upper bound) 
[78]. For binary gas pairs, the slope of the upper bound limit remains constant because it is 
dependent only on the gas kinetic diameters. Typically, over the last two decades, many efforts have 
been made to elevate the upper bound limits for separation of various gas pairs using different 
materials [79]. Recently, Robeson again has collected empirical data for a number of gas pairs 
including O2/N2, CO2/CH4, H2/N2, He/N2, H2/CH4, He/CH4, He/H2, H2/CO2 and He/CO2 to renew 
the upper bound limit. As a result, the upper bound line for various binary gas pairs exhibited only 
minor shifts [31]. The intercept of the upper bound is a strong function of the properties of the gases 
that permeate through the polymeric membranes. Robeson’s trade-off curve for CO2/CH4 separation 
is shown in Fig. 2.1. [79]. This figure indicates that polymeric intrinsic microprorosity fall close to 
or above the trade-off line. As well, it is indicated that polymers close to the upper bound are 
inherently rigid [80]. 
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Fig. 2.1. Robeson “upper bound” correlation for CO2/CH4 separation (TR, thermally rearranged) 
[79]. Copyright 2008, Reproduced with permission from Elsevier Science Ltd. 
 
Although there are many opportunities for membrane-based gas separation applications, as 
mentioned, current membrane materials cannot economically exploit these opportunities. Therefore, 
even today, many researchers are working on new emerging materials in order to develop novel 
membranes with higher separation performances [70, 81- 84]. The physical and chemical properties 
of materials should be considered in order to prepare suitable membranes. To improve current 
levels of membrane performance, different approaches have been employed such as polymer 
blending, grafting, crosslinking and mixing with proper molecular sieve fillers [85]. Although, the 
membrane technology is potentially more cost effective due to its lower energy requirement and 
simple operation, the urgent need to reduce the material costs propels researchers to expand the idea 
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of embedding nanostructured porous materials into the polymer matrix, which leads to an economic 
compromise. 
 
 
2.3 Polymeric membrane for gas separation 
 
Now days, polymeric membranes have many application in different significant scientific and 
technological areas such as tissue repair [86], protective garments [87], pharmaceuticals production 
[88], food and beverage packaging [89], microelectronics [90], sensors [91], fuel cells [92], water 
purifications [93], and gas and vapor separations [4, 94, 95]. The vital property for which 
membranes are utilized is their ability to adjust the permeation rate of a chemical component 
through the membrane with driving forces such as pressure, concentration, and electrical potential. 
Among these driving forces, pressure difference across the membrane is mostly used in 
ultrafiltration (UF), microfiltration (MF), reverse osmosis (RO), pervaporation (PV), and gas 
separation (GS) [96, 97].  
 
Polymer based membrane gas separation is actually developing industrial membrane separation 
technologies, and the market size and number of applications served are expanding because it offers 
a number of advantages in terms of energy and capital cost. In principle, all films made of polymers 
can selectively separate gases from gaseous mixtures by the differential permeation of the 
components.  
 
Current polymer-based membrane gas processes and potential applications include hydrogen 
separation and recovery from ammonia purge gas, refinery, and syngas stream in the petrochemical 
industry. Other applications include carbon-dioxide-enhanced oil recovery, natural gas processing, 
landfill gas upgrading, air separation (oxygen enrichment or nitrogen production), air dehydration, 
and helium recovery [98]. The market for polymer membranes for gas separation has expanded 
annually and sales of membrane gas separation systems have become an approximately $500 
million per year business. The primary reasons for the fast growth of membrane markets and sales 
include consumer demand for higher quality products, increased regulatory pressures, deteriorating 
natural resources, and the need for environmental and economic sustainability. The worldwide sales 
of all synthetic membranes are estimated at over $2 billion. Since membranes account for only 40% 
of the total investment of a membrane separation system, the total annual turnover for the 
membrane-based industry can be estimated around $5 billion. The annual growth rate in sales of all 
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membrane products has been estimated as approximately 12–15%. The gas separation market is a 
$455 million per year business, totaling 24% of the whole membrane market. The future market 
will expand and further growth of this technology is expected for the next 10 years or so [99]. 
 
To select a suitable polymer membrane and design for each gas separation application, the nature of 
the polymer membrane (glassy or rubbery) must be considered as well as the target separating 
mixtures (permanent gas/permanent gas or condensable vapor/permanent gas). The main factors 
contributing to selectivity (solubility-selective or diffusivity-selective materials) can then be 
determined and used to improve separation efficiency with minimal loss of productivity. The most 
ideal membrane material design is to improve both diffusivity-selectivity and solubility-selectivity, 
but it is difficult to achieve both simultaneously. Moreover, for a given polymer membrane, both 
diffusivity and solubility depend strongly on process parameters such as pressure difference, feed 
composition, and temperature, as well as the intrinsic nature of the polymer. Each selectivity 
contribution (diffusivity or solubility) to total selectivity can be varied by such factors, but research 
has mainly focused on improving selectivity by modifying the polymer chain structure.  
 
Diffusivity (or mobility)–selectivity reflects the ability of the polymer matrix to be selective for the 
shape and size of penetrant molecules. Diffusivity-selectivity is governed by relative penetrant 
mobilities and by structural factors such as polymer chain stiffness and intersegmental polymer 
packing. However, in contrast to inorganic or carbon molecular sieves with a controlled molecular 
size, polymer membranes are seldom considered as molecular sieves. If an organic molecular sieve 
with high selectivity can be prepared, it will have vast advantages over zeolites or carbon molecular 
sieves because of its easy processability, thin-film formability, and other significant reasons. 
Generally, improving gas separation performance by increasing diffusivity-selectivity is more 
effective for small gas separations that use rigid glassy polymer membranes such as polysulfones, 
polycarbonates, polyimides, and polypyrrolones with narrow free volume distributions. For small 
gas separations such as O2/N2 and CO2/CH4, the diffusivity-selectivity needs significant advances in 
its permeability-selectivity properties [99]. 
 
The solubility coefficient reflects how many gas molecules can be sorbed in polymer membranes. It 
depends on the condensability as well as the physical interactions of the penetrants with the 
polymer membrane. Solubility is determined by the concentration of the sorbed gas per unit 
polymer volume. Generally, the concentration as a function of pressure at constant temperature 
shows a sorption isotherm with a characteristic shape that is concave to the pressure axis. 
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Solubility-selectivity is thermodynamic in nature and is governed by the relative polymer–penetrant 
interactions and the relative condensability of the penetrants. Solubility-selectivity terms contribute 
significantly to separations of condensable vapors and polar molecules [99]. 
 
An ideal gas separation membrane must have high permeability and high selectivity. The gas 
permeation properties of polymer membranes have been extensively studied and a wide variety of 
polymers have been synthesized to be more permeable and selective. Nevertheless, there are still 
strong trade-off relations of gas permeability and selectivity in polymer membranes that will not 
easily be broken in the future. Moreover, this tradeoff behavior of polymer membranes is not yet 
fully comprehended theoretically. However, it is believed that this trade-off behavior for specific 
gas pairs is unique and related to parameters of the gas molecules. 
 
Recently, Budd et al. [100, 101, 102] and McKeown et al., [103] reported novel polymer 
membranes with intrinsic microporosity, PIM. These polymers show exceptional microporous 
structures, high gas permeability, and high permselectivity. Their rigid but contorted molecular 
structures hinder polymer chain packing and create free volume coupled with chemical 
functionality, providing strong intermolecular interaction. These PIM polymers are unique in that 
they have high surface areas (500–1000 m2 g-1) with micropore diameters in the range of        0.6–
0.8 nm from the fact that microporous materials containing large surface areas of             300–1500 
m
2
 g
-1
 are mostly inorganic materials such as crystalline zeolites (aluminosilicates) and activated 
carbons. The oxygen and carbon dioxide permeabilities of the PIMs are in the range of 190–370 
Barrers and 1100–2300 Barrers, respectively, and the PIMs exhibit selectivities significantly higher 
than any other high free volume glassy polymer membranes such as PTMSP and Teflon AF series 
polymer membranes. These materials are good candidates for applications such as the generation of 
oxygen-enriched air for enhanced combustion and fermentation processes or for the removal of 
carbon dioxide from methane. 
 
TZPIM membranes, which are tetrazole attached PIM membranes,  demonstrate exceptional gas 
separation performance, surpassing the most recent upper bounds of conventional and state-of-the-
art polymeric membranes for the important gas pairs, such as for example the CO2/N2 separation. 
However, a substantial hurdle exists before polymeric membranes can be used for practical CO2 
separations, such as selective CO2 removal from flue gas, biogas refining, and natural gas 
sweetening. In gas mixtures, the gas selectivity is typically much lower than permselectivity from 
single gas permeation data because of CO2 plasticization and/or competitive sorption effects [104]. 
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That is, CO2 molecules cause the polymer matrix to swell, leading to increased permeability of the 
slower gas beyond its pure gas permeability and resulting in reduced selectivity [19]. 
 
Recently, Patel and Yavuz reported [20] an amidoxime-functionalized PIM-1 (AO-PIM- 1) 
prepared by rapid reaction of the nitriles with hydroxylamine under reflux conditions, introducing 
ample basic nitrogen and hydroxyl groups while maintaining high surface area (4500m
2
/g). 
Structurally similar to the monoethanolamine (MEA) used in power plant CO2 scrubbing processes; 
the amidoxime functionality has been integrated into sorbents, including solution-processable 
porous polymers, with CO2 capture properties surpassing those of activated charcoal [105, 106]. To 
date, however, the gas transport properties of membranes derived from such promising amidoxime-
containing polymers have not been reported [21]. 
 
Rigid chain Si-containing polynorbornenes form a new class of highly permeable membrane 
materials in addition to polyacetylenes and amorphous Teflons AF [107]. Interesting feature of poly 
(3, 4-TCNSi2) is the trend observed for permeation of hydrocarbons. In common glassy polymers 
increases in the size of penetrants result in decreases in permeability. Such behavior is explained by 
stronger effects of diffusivity and not solubility on the permeability coefficients [108]. 
 
 
2.3.1 Advantage of Polymeric membrane gas separation over other technologies 
 
There are many noteworthy advantages of using membranes for industrial processes as compared 
with the conventional processes, as listed below [69]: 
 
 Being reliable for consistent production with very high selectivity, 
 Because membrane processes can separate at the molecular scale up to a scale at which 
particles can actually be seen, this implies that a very large number of separation needs 
might actually be met by membrane processes. 
 No requirement for phase change or chemical additives, as a result, energy requirements will 
be low unless a great deal of energy needs to be expended to increase the pressure of a feed 
stream in order to drive the permeating component(s) across the membrane.  
 There are no moving parts (except for pumps or compressors), no complex control schemes, 
and little ancillary equipment compared to many other processes. As such, they can offer a 
simple, easy-to-operate, low maintenance process option.  
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 Modular design and ease of scale up; requirement of small footprint as well as no 
requirement of large space, 
 High efficiency for raw materials use and potential for recycling of byproducts. Membrane 
processes are able to recover minor but valuable components from a main stream without 
substantial energy costs. 
 Substantially reduced equipment size, 
 Easy integration into simple automation and remote control system, making its operation 
simple. 
 Because of the fact that a very large number of polymers and inorganic media can be used as 
membranes, there can be a great deal of control over separation selectivities. 
 Membrane processes are potentially better for the environment since the membrane 
approach require the use of relatively simple and non-harmful materials. 
All of the above-mentioned advantages translate into cost savings and more environmentally 
friendly sustainable processes. 
 
 
2.3.2 Disadvantage Polymeric membrane gas separation compared other  technologies 
 
 Membrane processes seldom produce 2 pure products, that is, one of the 2 streams is almost 
always contaminated with a minor amount of a second component. In some cases, a product 
can only be concentrated as a retentate because of osmotic pressure problems. In other cases 
the permeate stream can contain significant amount of materials which one is trying to 
concentrate in the retentate because the membrane selectivity is not infinite. 
 
 Membrane processes cannot be easily staged compared to processes such as distillation, and 
most often membrane processes have only one or sometimes two or three stages. This means 
that the membrane being used for a given separation must have much higher selectivities 
than would be necessary for relative volatilities in distillation. Thus the trade-off is often 
high selectivity/few stages for membrane processes versus low selectivity/many stages for 
other processes. 
 Membranes can have chemical incompatibilities with process solutions. This is especially 
the case in typical chemical industry solutions which can contain high concentrations of 
various organic compounds. Against such solutions, many polymer-based membranes 
(which comprise the majority of membrane materials used today), can dissolve, or swell, or 
18 
 
weaken to the extent that their lifetimes become unacceptably short or their selectivities 
become unacceptably low. 
 
 Membrane modules often cannot operate at much above room temperature. This is again 
related to the fact that most membranes are polymer-based, and that a large fraction of these 
polymers do not maintain their physical integrity at much above 100°C. This temperature 
limitation means that membrane processes in a number of cases cannot be made compatible 
with chemical processes conditions very easily. 
 
 Membrane processes often do not scale up very well to accept massive stream sizes. 
Membrane processes typically consist of a number of membrane modules in parallel, which 
must be replicated over and over to scale to larger feed rates. 
 
 Membrane processes can be saddled with major problems of fouling of the membranes 
while processing some type of feed streams. This fouling, especially if it is difficult to 
remove, can greatly restrict the permeation rate through the membranes and make them 
essentially unsuitable for such applications. 
 
 Permeability/ selectivity tradeoff for the system 
 
 Physical aging of the membrane material which is caused through time and reduces 
permeability as well as selectivity of that polymer. Most glassy polymeric membranes are 
affected by physical aging since they are not at thermodynamic equilibrium. 
 
 Plasticization of polymeric membrane when exposed to gases such as CO2. As the 
concentration of gas inside a polymer increases, the polymer can swell, which increases free 
volume and chain motion that, in turn, increases gas diffusion coefficients and decreases 
diffusion selectivity. 
 
2.4 Penetrant transport mechanisms 
 
A membrane process is a separation process that covers a broad range of problems from particles to 
molecules and a wide variety of membranes are available to design a process. Although the 
membranes may vary in material (organic vs. inorganic) and structure (porous vs. nonporous) the 
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basic principle of membrane separation is the same. The separation process and mass transport 
through the membranes is a function of the membrane being used and the constituents being 
separated, and subsequently the theory used to describe the process and mechanisms. However, 
common for all systems is the principle illustrated in Figure 2.2 where a membrane is considered a 
permselective barrier, or interface between two phases, and the separation process takes place due 
to a specific driving force transporting a compound through the membrane from the one phase to 
the other. 
 
 
Fig. 2.2. Schematic of membrane separation process with different driving forces that are present  
 
The separation of gas/vapor from a mixture using membranes can be achieved by any of the 
following three mechanisms (Figure 2.3), depending on the type of membrane used. For porous 
membranes, no separation can occur if the pores in the membrane structure are large enough to 
allow convective flow. However, when the diameters of pores are less than the mean free path of 
the gas molecules, Knudsen diffusion can take place. In this case, low molecular weight molecules 
can diffuse faster than heavier ones because of the greater interaction between these lighter species 
and the pore walls. Mass transport rates through Knudsen diffusion membranes can be enhanced by 
surface diffusion, in which molecules are absorbed onto the surface of the pores and diffuse along. 
The selectivity for any pair of gases is calculated by the inverse ratio of the square root of their 
molecular weight (Table 1). Generally Knudsen diffusion results in insufficient separation for CO2 
separation (selectivities for CO2/N2 and CO2/H2 are less than 1). Hence, a material with such pore 
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sizes is undesirable for making the membrane separation layer. For example, the mesoporous 
structure of alumina dictates a Knudsen diffusion mechanism in such materials, but alumina can 
find a use as a support for the membrane separation layer [109]. 
 
 
 
Fig. 2.3. Three different mechanisms for membrane separation [110]. 
 
Molecule Molecular weight Kinetic diameter (Å) 
H2O 18 2.65 
H2 2 2.89 
CO2 44 3.3 
O2 32 3.46 
N2 28 3.64 
CH4 16 3.8 
 
Table 2.1: Molecular weight and kinetic diameter of gases encountered in membrane gas separation 
[111]. 
 
For smaller pore sizes, molecular sieving is dominant. Large molecules in this case are restrained 
from passing through the pores. The size difference of molecules is used to achieve the separation. 
21 
 
However, a porous membrane based on the molecular sieving mechanism is difficult to 
commercialize, due to the difficulty of fabricating evenly distributed pore‐size membranes. Further, 
the condensation of any vapor from the process stream will tend to block the fine pores which will 
significantly influence the performance of the membrane. Nevertheless, research on microporous 
membranes is continuing. One of the recent improvements include pyrolysis of polymeric 
compounds to synthesize a carbon material with a narrow pore size distribution less than 1 nm. 
Such a small molecular dimension makes it possible to separate gases with similar molecular size 
[112]. 
 
The transport mechanism exhibited by most of carbon membranes is the molecular sieving 
mechanism. The carbon membranes contain constrictions in the carbon matrix, which approach the 
molecular dimensions of the absorbing species [113].  
 
While a porous membrane achieves separation via Knudsen diffusion, surface diffusion and 
molecular sieving, molecular transport through nonporous polymeric membranes occurs via a 
solution‐diffusion mechanism [7]. The penetrant molecules dissolve into the retentate face of the 
membrane, diffuse through the bulk of the membrane and eventually desorb from the membrane at 
the permeate side due to the concentration gradient. Virtually all the modern commercialized 
solution-diffusion membranes are made of polymeric materials. Penetrant transport properties in 
this case are related to the solubility and diffusivity in the membrane. 
 
The dependence of penetrant permeation upon both the solubility and diffusivity enables more 
flexibility in terms of refining the permeation properties. A physically larger molecule/compound 
(e.g. large organic molecules) can permeate faster than a smaller molecule if the respective 
solubilities are manipulated suitably in the appropriate polymer system [98]. Such a solubility 
selective mechanism is not possible in a Knudsen diffusion or molecular sieving process. Rubbery 
membranes with high permeabilities use this principle to achieve separation of higher hydrocarbons 
from small penetrant molecules such as nitrogen or hydrogen.  
 
On the other hand, the separation of penetrating species in glassy polymeric membranes is 
dependent primarily on the penetrant’s kinetic diameter. Penetrant molecules tend to move through 
gaps in the polymeric structure. These gaps are related to the free volume that the membrane 
exhibits due to the movement of polymer chains (caused by the pseudo‐equilibrium in glassy 
polymers). A channel is “generated” between the gaps to allow penetrant molecules to “jump” from 
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one gap to another. The jumping motion can be considered as the way the penetrant molecules 
effectively diffuse through the membrane structure. The size and size distribution of the channels 
can be utilized to achieve selective transport [114]. As a result, diffusivity selectivity is the 
dominant factor in dictating glassy membranes performance and is used to separate light 
vapor/gases from larger molecules (e.g. CO2 from N2 and CH4, and H2 purification) [115]. 
Nevertheless, it should be noted that some exceptions can be found in the literature where the 
ultra‐high permeability glassy polymers exhibit large organic vapor/small permanent gas selectivity 
(e.g. poly (1‐trimethylsilyl‐1‐propyne, PTMSP [116]). 
 
Therefore, when considering gas or vapor separation with porous membranes it is therefore 
important to determine which transport mechanism is dominant or controlling the mass transport. 
 
 
2.5 Penetrant sorption and transport in glassy polymers 
 
Polymer structure, pore size distribution, active layer thickness, and polymer packing morphology 
(symmetric or asymmetric) are important structural properties exhibited by a membrane. However, 
membrane performance is ultimately judged by two important characteristics: permeability and 
selectivity, which are directly governed by the membrane’s intrinsic properties. 
 
Permeability is a measure of the flux at which the penetrating species permeate through the 
membrane. It is related to the steady state flux, the chemical potential/pressure driving force, and 
the active layer thickness. If the active layer thickness is difficult to define, as in inorganic 
membranes and some hollow fiber or composite/asymmetric flat sheet membranes, permeance is 
also used. Permeance is independent of active layer thickness and related to permeability via: 
 
Permeability = Permeance * membrane thickness                                                                       2.1 
         
Where Permeability is usually in Barrer (10‐
10
 cm
3
(STP)cmcm‐
2
s‐
1
cmHg‐
1
) and Permeance in GPU 
(10‐
6
 cm
3
(STP)cm‐
2
s‐
1
cmHg‐
1
). 
 
In principle, the flux of the penetrant through the membrane is defined as the product of the 
concentration of the sorbed species in the polymer (C), and the penetrant velocity through the 
membrane (u). Thermodynamically, the transport of a penetrant is driven by the chemical potential 
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gradient across the membrane ( ) against the thermodynamic resistance exhibited by the 
membrane (FR). 
 
                                                                                            2.2                            
 
Chemical potential can be defined in terms of fugacity, f: 
 
                                                                                             2.3 
 
Hence the flux defined in the above equation can be expressed in terms of fugacity: 
 
                                                                                                   2.4 
 
Solubility (S) is defined as the concentration of penetrant sorbed in polymer divided by the fugacity 
in gaseous phase (S = C/f ), while the thermodynamic diffusion coefficient (DT) of a penetrant is 
defined as DT = RT/FR. The expression for flux then can be rewritten as: 
 
                                                                                       2.5 
 
The permeability coefficient is often defined as the product of the thermodynamic diffusivity and 
the solubility: 
 
                                                                                             2.6 
 
Hence, the permeability coefficient can be understood as the product of a thermodynamic factor and 
a kinetic factor. The thermodynamic factor is represented by the solubility, which is related to the 
critical temperature of the penetrant, polymer‐penetrant interactions and also the free volume 
between the polymer chains [117]. The thermodynamic diffusion coefficient is the kinetic factor 
and strongly dependent upon the polymer‐penetrant dynamics and the packing arrangement of 
polymer chains [118]. 
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Fick’s first law is also a common approach to describe the flux of a penetrant moving from regions 
of high concentration to regions of low concentration across a membrane: 
 
                                                                                              2.7 
 
where D is the Fickian diffusion coefficient and is related to the thermodynamic diffusion 
coefficient by: 
 
                                                                   2.8 
 
The Fickian diffusion coefficient is equal to the thermodynamic diffusion coefficient only if   
is equal to unity. This only occurs in ideal diffusion systems (i.e. constant solubility) where no 
penetrant‐penetrant interactions or invariant penetrant-polymer interactions exist. In non‐ideal 
systems where solubility varies with fugacity, unity can only be found at the theoretical limit of 
infinitely dilute conditions (i.e. f = 0). 
 
 
2.5.1 Solubility 
 
2.5.1.1  Gas sorption in glassy polymer 
 
Gas sorption in a glassy polymer is often described by the dual mode sorption (DMS) model. This 
model presumes that there are two domains into which penetrant gas can sorb. Gas molecules are 
assumed to be absorbed directly into the polymer matrix via dissolution or adsorbed into 
micro‐cavities within the polymer matrix. The dissolution of penetrant gas into the polymer matrix 
usually obeys Henry’s law, which uses a linear proportional relationship between the solubility of a 
gas dissolving in a liquid and the applied pressure. This relationship has been found to adequately 
describe the concentration of gases in rubbery polymers at low concentrations [98]. The polymer 
matrix (the first domain) in glassy polymers is often referred as the Henry’s law region whose 
sorption of gas penetrant follows:  
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                                                                                               2.9 
Where CD is the concentration in the Henry’s law region, linearly dependent upon the Henry’s law 
constant (KD) and fugacity as shown in Figure8. 
 
The adsorption of penetrant gas in the micro‐cavities with the polymer matrix usually follows the 
standard Langmuir relationship (Equation 2.10) and hence the second domain is often called the 
Langmuir region. 
 
                                                                                            2.10 
 
Where CH is the concentration of penetrant gas in the micro‐cavity region, dependent on the 
maximum adsorption capacity (C’H), Langmuir affinity constant (b) and fugacity. The Langmuir 
affinity constant is the ratio of the rate coefficients of adsorption and desorption given by: 
 
                                                                                        2.11  
 
A Langmuir sorption isotherm typically shows a rapid increase in concentration at low fugacity that 
gradually slows down until reaching a plateau, as shown in Figure 2.4. 
 
Consequently, the concentration of penetrant gas in glassy polymer is described by the DMS model 
as follows, assuming that all the parameters are independent of penetrant concentration. 
 
                                                                2.12 
 
The sorption isotherm described by the DMS model is the combination of the Henry’s law sorption 
curve and the Langmuir sorption curve, and typically concave to the fugacity axis at low fugacities 
then approaching to a straight line as fugacity increases (Figure 2.4). 
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Fig. 2.4. Typical gas sorption isotherm in a glassy polymer represented by DMS model 
 
 
2.5.1.2  Free volume in glassy polymer 
 
As seen in Figure 2.4, penetrant sorption in the Langmuir regions is significantly larger than that in 
the Henry’s law regions for low penetrant fugacities. These Langmuir regions are in fact the excess 
free volume that is created when polymer chains pack imperfectly in the glassy state. As illustrated 
in Figure 2.5, there are no packing defects within the free volume in the amorphous polymers that 
exist above the glass transition temperature (i.e. in rubbery state). As the temperature of the 
amorphous polymers decreases below the glass transition temperature (i.e. into a glassy state), the 
polymer segments lose the mobility to attain equilibrium and this leads to the formation of 
micro‐cavities or microvoids within the polymer matrix [98]. In glassy polymers, the occupied 
volume of the polymer chains, the volume in the Henry’s law region or polymer matrix region and 
the excess free volume (i.e. Langmuir sites or microvoid regions) are summed to form the specific 
volume of the polymer. 
The specific volume is the reciprocal of the polymer’s bulk density (ρ): 
 
                                                                                                      2.13 
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Fig. 2.5. The relationship between the polymer specific volume and temperature in amorphous 
polymers [119]. 
 
The fractional free volume (FFV) is well documented in the literature and is a determining factor in 
gas transport properties of a membrane, because it is a good measure of the space available within a 
polymer matrix for penetrant transport [120‐123]. The free volume is simply represented as the 
difference between the specific volume of the polymer film (V, cm
3
g‐
1
) and the volume occupied by 
the polymer chains (V0, cm
3
g‐
1
). FFV is then expressed as: 
 
 
                                                                                            2.14                               
 
The occupied volume of the polymer chains is determined via a simple and popular approach 
proposed by Bondi [124], using the calculation of the van der Waals volume (VW, cm
3
g‐
1
) of the 
repeat unit of polymers and a group contribution method. Because VW is estimated from the average 
atomic volume, it is not absolute and can vary with intermolecular forces, types of bonding and 
sometimes quantum mechanical factors. Theses variations are then corrected by the group 
contribution method which allows for the estimation of the polymer’s molar volume [125]. Bondi’s 
approach also postulates that 
 
                                                                                            2.15 
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The factor 1.3 was derived by Bondi [124] based on the packing densities of molecular crystals at 
absolute zero. It was assumed to apply to all structures and functional groups. 
 
Besides this group contribution theory, it should be noted that information on polymer’s free 
volume magnitudes can also be obtain in other ways including X‐Ray diffraction studies which 
experimentally estimate the mean spacing between polymer chains [98], and Positron Annihilation 
Lifetime Spectroscopy (PALS) which provides information on microvoid size, total void volume 
and the size distribution [126].  
 
 
2.5.1.3  Competitive sorption in multi component system 
 
When more than one penetrant component is present in the system, different types of penetrant 
molecules will compete against each other for adsorption sites. Koros et al. [127, 128] extended the 
dual mode sorption theory for multi‐component systems to account for such competitive sorption 
effects. This approach assumes that the Henry’s Law component of the polymer matrix behaves 
ideally and competitive sorption effects are only exhibited in the Langmuir sorption sites. The 
concentration of gas B within the membrane when two or more components are present is therefore: 
 
                              2.16 
 
where bA and bC are the Langmuir affinity constant for component A and C respectively. The 
concentration of each component is reduced compared to the single gas case (Equation 2.11) and is 
heavily dependent on the relationship between the Langmuir affinity constants and fugacity of all 
components. 
 
 
2.5.2 Diffusivity 
 
Diffusion is the process in which penetrants are transported from one part of the membrane to the 
other as a result of random molecular motion driven by chemical potential/concentration/fugacity 
gradients. The diffusivity or diffusion coefficient is a proportionality constant that characterizes the 
relationship between the molar flux of the penetrant and the concentration gradient. 
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Diffusivity depends on the size of the penetrant molecules, the size of the microvoids and the size 
distribution of these voids in the polymer. Since FFV is the indication of the proportion of space 
between polymer chains (i.e. microvoid size and size distribution), it can be also correlated to the 
diffusivity of a penetrant according to Fujita’s free volume theory [123, 129- 131]: 
 
                                                                        2.17 
where AD and BD are constants. This correlation can be applied to structurally related polymers or a 
single polymer system with high accuracy [131]. 
 
2.5.3 Permeability 
 
In the absence of chemical reaction between the gas and polymer, the diffusion of dissolved 
penetrant is the rate-limiting step in this process. The one-dimensional flux of gas A through the 
film in the x-direction (Fig. 2.5) can be described by Fick’s Law [132]. 
                                                                                    2.18 
where D is the gas diffusion coefficient in the film, CA is the local concentration of dissolved gas 
and wA is the weight fraction of gas A in the film; Np is the flux of the membrane, which is typically 
taken to be zero. Consequently, the above equation reduces to, [133] 
                                                                                    2.19 
The steady-state permeability of gas A, PA, through a film of thickness l is defined as [132-134], 
                                                                                             2.20 
where p2 and p1 are the upstream (i. e., high) and downstream (i. e., low) pressures, respectively. 
Permeability coefficients are commonly expressed in Barrers, where                                              1 
Barrer = 1×10
−10
cm
3
 (STP) cm/cm
2
 s cmHg. Combining (2.19) and (2.20) and integrating from x = 
0 (C = C2) to x = l (C = C1), one obtains: 
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                                                                                        2.21 
where DA is the concentration-averaged effective diffusion coefficient in the range C1–C2: 
                                       2.22 
where Deff is the local effective diffusion coefficient. 
In general, it can be challenging to measure the average gas diffusivity directly. Instead, gas 
permeability and gas solubility are often measured independently, and gas diffusivity is inferred 
from these measurements, as described below. For simplicity, experiments are often designed so 
that p1 << p2 and, consequently, C1<< C2. In this limit, (2.21) reduces to: 
                                                                                         2.23 
where SA = C2/p2 is the apparent sorption coefficient or solubility of penetrant A in the polymer. 
Therefore, by measuring the gas permeability at an upstream pressure of p2 and solubility at a 
pressure of p2, one can calculate the average gas diffusivity DA. As indicated in (2.22), this diffusion 
coefficient is an average over the concentration range 0–C2. The local effective diffusion coefficient 
Deff, characterizing the penetrant diffusivity in the polymer at a penetrant concentration of C2, can 
be evaluated using an equation obtained by taking the derivative of both sides of (2.21) with respect 
to C [136]. 
                                                      2.24 
this requires the pressure dependence of the permeability and solubility to calculate Deff. 
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Fig. 2.6. Transport of gas A and B across a membrane [135]. 
 
2.5.4 Selectivity 
 
A common parameter characterizing the ability of a polymer to separate two gases (e.g., A and B) is 
the ideal selectivity, A/B: [137] 
                                                                                                                     2.25                                         
By combining Eqs. (2.23) and (2.25), permeability selectivity can be written as a product of 
solubility and diffusivity selectivity: 
                                                                                         2.26 
Like permeability, the ideal selectivity is often treated as a material property of a polymer. 
 
Another measure of the ability of a membrane to separate a particular gas mixture is the separation 
factor, *, where xi is the concentration of gas i in the feed and yi is the concentration of gas i in the 
permeate [137]: 
                                                                                        2.27 
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This value is less commonly reported in the membrane materials literature because it depends more 
sensitively on operating conditions (e.g., upstream and downstream pressure and feed gas 
composition) than A/B. Thus, the separation factor is not a material property of the polymer being 
used as the membrane. However, when the upstream pressure is much greater than the downstream 
pressure, the separation factor becomes equal to the ideal selectivity. This relationship can be shown 
by recognizing that the mole fraction of component A produced in the permeate, yA, is related to the 
flux of A and B as follows: 
                                                                                            2.28 
An analogous relation may be written for component B. Substituting Eq. (2.28) into Eq. (2.27) and 
using the definition of permeability in Eq. (2.20) to solve for flux, the following expression is 
obtained: 
                                                                         2.29 
Therefore, when the upstream pressure, p2, is much greater than the downstream pressure, the 
downstream pressure p1 (e.g., if p1 = 0 (i.e. vacuum)), p1, * A/B = A/B. 
 
2.6 Physical aging  
 
Glassy polymers are non-equilibrium materials having excess free volume due to kinetic constraints 
on polymer segmental motion that prevent such materials from coming completely to equilibrium 
properties (e.g., specific volume) once they are below their glass transition temperature. However, 
even in the kinetically constrained glassy state, polymers undergo at least local scale segmental 
motions, and these motions act to gradually increase the density of the polymer (and, therefore, 
reduce its free volume) toward the thermodynamic equilibrium value [138]. Physical aging slows 
over time for two reasons: (1) as the excess free volume gradually decreases the driving force for 
physical aging is diminished, and (2) as free volume is reduced, polymer chain mobility decreases, 
which decreases segmental motions available to assist in reorganizing the polymer chains. Physical 
aging reduces gas permeability and alters other physical properties of polymers (e.g., specific 
volume, enthalpy, entropy, etc.) [139-146]. The observed decrease in permeability, usually 
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accompanied by an increase in selectivity, is seen as a reduction in membrane flux over time. 
Recently, it has become widely recognized that physical aging also depends on the thickness of the 
polymer under study, particularly when the thickness becomes of the order of less than 1 micron. 
Gas separation membranes are often believed to be on the order of approximately 0.1 mm thick, 
making the effects of thickness on aging a relevant field of study [140]. 
 
Eq. (30) presents the most common framework used to describe physical aging [138,140] 
 
                                                                                          2.30 
 
where the rate of change in the specific volume, V, of a polymer with time depends on the departure 
of the polymer’s specific volume from its equilibrium value, V, and the characteristic timescale for 
relaxation of the specific volume toward equilibrium, . The characteristic relaxation time is related 
to the mobility of the polymer chains, and it is typically taken to be a function of the specific 
volume of the polymer and temperature [140]. Additionally, the dependence of physical aging on 
sample thickness is typically accounted for by allowing s to vary with thickness, suggesting that 
molecular mobility of polymer chains near free interfaces may be greater, at least initially following 
the beginning of an aging experiment, than that of polymer chains in bulk polymer [140]. The 
fractional free volume is directly related to a polymer’s specific volume, as discussed in Section 
2.5.1.2. Therefore, as a polymer ages and fractional free volume decreases, gas permeability also 
decreases, albeit at slower and slower rates as time goes on, due to the self-retarding nature of 
physical aging. Because the losses in permeability and densification due to physical aging come 
from relaxation of the polymer matrix, they are thermally reversible, so losses in permeability (i.e., 
increases in density) can be restored by heating the polymer above its Tg [147]. 
 
Because of the relationship between free volume and physical aging, the aging of high free volume 
polymers has been a point of interest in the literature. In particular, the aging of PTMSP, one of the 
most permeable polymers known, has been widely studied [148-153]. Many of these studies have 
documented a rapid loss in gas permeability as a function of time, but the permeability of PTMSP 
films is also affected by contaminants, such as vacuum pump oil, that can lead to discrepancies in 
these measurements. In a study accounting for this contamination, PTMSP films with thicknesses of 
approximately 100 m still showed significant physical aging [150]. Permeabilities of CH4, O2, and 
N2 decreased by more than 20% over roughly 200 days. These films were first preconditioned in 
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methanol, increasing the initial free volume, which increases the driving force for physical aging 
[150]. In contrast, Pfromm and Dorkenoo found no loss in permeability in an 85 m PTSMP film 
that was not pretreated with methanol; however, thin films with thicknesses of 1 and 3 m showed 
76% and 38% losses in N2 permeability, respectively [140]. These results show the complexity of 
physical aging and the importance of membrane preparation conditions in physical aging studies. 
 
The dependence of physical aging on thickness on physical aging has become a growing area of 
study. Physical aging rates increase substantially, as tracked both by gas transport and optical 
properties, as films approach sub-micron thicknesses [154-165]. For example, in polysulfone, 
significant deviation from the aging behavior in bulk films is seen once films become thinner than 
roughly 10 mm, while thicker films age at rates similar to bulk films [157]. 
 
2.7 Temperature dependence of transport parameters 
 
Barrer [166] was the first one who showed that the diffusion of small-size molecules in rubbery 
polymers is a thermally activated process. A great number of data in literature suggest that the 
transport coefficients (namely P, D and S) depend on temperature, at a given pressure, via 
Arrhenius’s and Van’t Hoff laws on a narrow range of temperatures [167]: 
 
                                                                            2.31 
 
                                                                            2.32 
 
                                                                             2.33 
 
The pre-exponential terms represent the limit values of the various coefficients of transport for an 
infinite molecular agitation (T → ∞). EP represents the apparent activation energy for the 
permeation process and is equal to the sum of ED, the apparent activation energy of the diffusion 
process, and ∆HS, the heat of the solution needed for the dissolution of a permeant mole in the 
matrix:  
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                                                                                      2.34 
  
These parameters depend on the morphology of the polymer matrix: amorphous or semi crystalline 
structure, value of the temperature relative to the characteristic temperatures [168,169] such as Tg 
and Tf, etc. According to Gee [170], the heat of the solution, ∆HS, may be expressed as: 
 
                                                                            2.35 
 
where:  
– ∆Hcond is the molar heat of condensation, this term is always negative and small for gases [171]; 
– ∆H1 is the partial molar heat of mixing. This is a small and positive term, which can be estimated 
from the cohesive energy densities of the penetrant and the polymer by using Hildebrand’s theory 
[172]. 
 
For gases well above their critical temperature (such as H2, N2, O2 at room temperature), ∆Hcond is 
very weak and, so, ∆HS is governed by ∆H1. As the interactions are negligible, this term will be 
positive and S will increase with temperature [173]. For more condensable gases and vapours (e.g. 
CO2, SO2, NH3 and hydrocarbons), ∆HS is negative due to the ∆Hcond’s strong contribution and, for 
a given system, a decrease of the solubility will be observed with a temperature increase. This 
expresses the fact that the penetrant has more and more difficulties in condensing in the polymer 
when the temperature is raised. It is worth noting that by using the above relation, a positive value 
for ∆H1 (endothermic solution) is always obtained. However, if one considers polymer-gas systems 
in which the molecular interactions are particularly energetic, ∆H1’s value can become negative 
(exothermic solution) and cannot be calculated any more by means of this formula. 
 
The activation energy represents physically the energy level that a molecule should reach to make a 
jump between one position and another one; it is always a positive quantity. As a consequence, D is 
an increasing function of the increased temperature. This effect may be expressed in terms of an 
increase in free volume directly related to the bulk expansion of the polymer due to the increased 
segmental motions and hence, the diffusion process of molecules is facilitated. Then, the value of 
the activation energy is all the more high as the cohesive forces between chains are strong. On the 
other hand, for a given polymer, the activation energy ED increases with the penetrant size (it needs 
more space), and reaches an asymptotic limit when the penetrant mobility becomes comparable to 
that of the polymer segments [174, 175]. Experimentally, this theory was verified on numerous 
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penetrant-polymer systems [176] and the determined activation energies are included between 10 
and 100 kJ/mol. Pre-exponential factor D0 has an entropic character [177, 178] and takes into 
account the length jump and increases with the penetrant size. However, for a given polymer and at 
a fixed temperature, the diffusion coefficient always decreases with the diffusing molecule size. 
 
 
2.8 Objective of the research 
 
One important application of gas separation membranes is the capture of CO2 from natural gas 
sweetening processes, pre‐ and post‐ combustion flue gases, and other possible carbon emission 
sources. The implementation of such gas separation systems poses significant challenges. One of 
them is the effect of one gas on the other gas sorption and permeation which deviates these 
properties from the ideal properties. This variation in transport properties of gases in polymers 
interests to get the real solubility and permselectivity ruther than ideal solubility and permselectivity 
which doesn’t represent the actual system in the market.  Promising polymeric membranes for gas 
separation technology has been examined to study the solubility behavior of mixed gas CO2 and 
CH4.  
 
This literature review has shown that the performance of polymer of intrinsic microporosity 
membranes in dry gas service as well as gas sorption and transport phenomena is well understood. 
However, there no studies that have determined the mixed gas sorption and its transport properties 
with their effects on the solubility of other gas species. No results have been obtained under 
different molar fraction mixture and at different temperature because it is particularly difficult to 
perform this type experiments under such conditions in a laboratory.  
Mathematical model developed in our group long time ago for single gas sorption also estimates the 
mixed gas sorption results with a good agreement with experimental results. This model can be used 
as a substitute in the absence of tedious and tiresome experimental results.   Dual mode sorption 
model is also used to represent the data which expressed it very well so that this model can be used 
in the absence of experimental data. 
 
Therefore the focus of this thesis is to: 
 Describe the experimental methods and techniques used to obtain results presented in this 
thesis. This is detailed in Chapter 3. 
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 Carry out and analyze mixed gas solubility results for different polymers especially for 
polymers of intrinsic microporosity and its derivatives at different molar fraction and 
temperature. Here the results for solubility selectivity for both ideal and real case are 
examined. This work is detailed in Chapter 4 and 5. 
 Study modeling of pure and mixed gas sorption experiments at different molar fraction and 
temperature with an increasing pressure up to 33 atm using Nonequilibrium Lattice fluid 
Model (NELF) and dual mode sorption model (DMSM). This is detailed in chapter 6.  
 Show the effect of heat treatment, which increases the physical aging of polymeric 
membranes, on transport properties at different temperature. Chapter 7 provides an account 
for this study. 
 Calculate and show the difference between transient and steady state diffusivity which are 
calculated from pure gas sorption and pure gas permeation experiment respectively. This 
study is presented in Chapter 8. 
 Finally, consider the overall conclusions and suggestions for further work in Chapter 9. 
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3 Experimental methods 
 
3.1 Introduction 
 
This chapter describes the experimental methods and techniques used to acquire results presented in 
this thesis. It outlines the raw materials used in this work, as well as detailing the methods used for 
preparing membrane, and film drying. These preparation protocols were followed for each 
membrane sample fabricated for this study. Techniques for obtaining physical properties including 
membrane thickness and membrane density are shown.  
 
Moreover, methodologies for determining membrane sorption, transport and permeation properties 
are described, including a detailed description of the mixed gas sorption measurement apparatus. 
The heat treatment procedure for the membranes studied in this work is also presented here.  
 
 It should be noted that this chapter aims to provide a basic description of all the methods and 
techniques so that all work reported herein could be reported. These descriptions however, are not 
intended to be the complete operating procedures, as these have been well described in the open 
literature. 
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3.2 Materials and membrane preparation 
 
3.2.1 Polymers and polymer synthesis 
 
Membranes were fabricated from a number of polymers of intrinsic microporosity and its 
derivatives and Polynonene. PIM-1, Tetrazole containing PIM (TZPIM-1) and Amidoxime-
functionalized PIM-1 (AO-PIM-1) are the PIM based membranes that are examined in this work. 
These polymers were the focus of the thesis because of their promising results for gas separation 
industry.  
 
Polymerization of PIM-1 was carried out in a Radleys LARA reactor equipped with an anchor-type 
stirrer. The glass reactor body was dried overnight at 100°C before use. 5,5’, 6,6’-Tetrahydroxy- 
3,3,3’,3’-tetramethyl-1,1’-spirobisindane (44.950 g, 0.1320 mol) and tetrafluoroterephthalonitrile 
(26.418 g, 0.1320 mol)were added to a 1-L vessel and the reactor flushed with nitrogen. Anhydrous 
dimethylformamide (DMF, 846cm
3
) was added by double-ended needle under nitrogen. A stream of 
nitrogen was bubbled through the pale brown solution as it was stirred (300 rpm) at room 
temperature for 1 h, then the contents of the reactor were heated to 65°C over 30 min, under a 
nitrogen purge. The stirring rate was increased to 500rpm and anhydrous K2CO3 (155 g, 1.123mol, 
8.51mol equiv.) was added. An exotherm was noticed immediately after the addition (to 73°C), and 
an immediate color change to yellow was apparent. After 2 h, the stirring rate was reduced to 300 
rpm, and the reaction mixture was then stirred at 65°C under a nitrogen purge for 68 h. The reaction 
mixture was cooled to 20°C then filtered, and the filter cake washed with DMF (300 cm
3
), acetone 
(300 cm
3
) and water (1 L). The yellow solid was stirred with water (4 L) in a 5-L vessel for 30min. 
The solid was filtered off, and washed with water (2 L) and acetone (700 cm
3
). The filter cake was 
then washed with 1, 4-dioxane (2 L in 100 cm
3 
portions), with frequent stirring. The solid was 
rinsed with acetone (700 cm
3
), and 10% water in acetone (semi-pure yield 57.77 g, 95.0%). To 
purify the batch further, the PIM-1 was washed on a sinter with water (4 L), acetone (600 cm
3
), 1,4-
dioxane (4 L in 200cm
3
 portions), acetone (600 cm3), water (1 L) and acetone (400 cm
3
), then dried 
overnight at 95 ◦C (final yield 55.53 g, 91.4%) [183,184]. The structure of PIM-1 is shown in Fig. 
3.1. 
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Fig. 3.1. Structure of PIM-1 polymer. 
 
In order to synthesize TZPIM, PIM-1 was dissolved in NMP (1-3 g in 20 mL of solvent). NaN3 and 
anhydrous ZnCl2 with different mol equiv. versus the nitrile groups were added, and the mixture 
was stirred at 120 °C for different reaction times according to the conversion required (See Table 
3.1) [180]. After cooling to 60 °C, 15 mL of diluted HCl (1:50 by volume in water) was added, and 
the reaction mixture was maintained at this temperature for 3 - 5 h. The PIMs thus obtained were 
then precipitated into excess 1 M HCl, filtered, washed on the filter with dilute HCl and water, and 
dried in a vacuum oven at 120°C. Elem. Anal. Calculated for C29H22N8O4 (the fully-substituted 
tetrazole TZPIM-3 from the 8 d reaction): N, 20.50%; Found: N, 19.14%. We used TZPIM-1 for 
this thesis work. The structure of TZPIM is shown on Fig 3.2 below. 
 
Sample No -CN/NaN3/ZnCl2 Reaction time Conversion Mn 
PIM-1 / / 0 58,000 
TZPIM-1 1 : 4 : 2 2 d 55% 52,000 
TZPIM-2 1 : 4 : 4 2 d 70.5% 45,000 
TZPIM-3 1 : 4 : 4 8 d 100% 34,000 
 
Table 3.1. Properties of PIM-1 and TZPIM films modified under different conditions 
 
 
Fig. 3.2. Conversion of PIM-1 to TZPIM via the T2C3U cycloaddition reaction between aromatic 
nitrile groups and sodium azide, producing a tetrazole functional group [180]. 
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The amidoxime-functionalized PIM-1, AO-PIM-1, (Fig. 3.3) was synthesized as previously 
reported [20] by dissolving 0.6g PIM-1 in 40mL THF and heating to 65°C under N2. 6.0mL of 
hydroxyl amine were added drop wise and the mixture was refluxed at 69°C for 20h.The polymer 
was precipitated by addition of ethanol, filtered and washed thoroughly with ethanol, and then dried 
at 110°C for 3h to yield an off-white powder. Complete conversion of the nitriles to amidoxime 
groups was demonstrated previously for AO-PIM-1 prepared by this procedure [20, 21]. 
 
 
Fig. 3.3. Synthetic scheme for amidoxime-functionalized PIM-1(AO-PIM-1) [21]. 
 
Polynonene is polymerized by in a typical procedure (the example is given for ratio 3, 4-TCNSi2/Pd 
(OAc) 2/B (C6F5)3=3000/1/150), the 0.06M toluene solution of Pd (OAc)2 (0.1 mL, 0.000556 mmol) 
and monomer (0.48 mL, 1.67 mmol) were introduced into round bottom glass ampule (5-10 mL) 
equipped with a magnetic stirrer preliminary purged in vacuum and filled with argon. 
Polymerization was initiated by adding of 0.09Mtoluene solution of B (C6F5)3 (0.94 mL, 0.084 
mmol). The reaction mixture was continuously stirred for 24h at ambient temperature. The 
polymers were precipitated by acidified ethanol (ethanol: HCl=10:1), separated, washed by several 
portions of ethanol and dried in vacuum. It was twice reprecipitated by ethanol from toluene 
solution and dried in vacuum at 80-90°C up to a constant weight [182]. The structure of the polymer 
is as given on Fig 3.4. 
 
 
Fig. 3.4. Structure of poly (3, 4-TCNSi2) 
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3.2.2 Gas supply and analysis 
 
Gases were purchases from two companies, SIAD and RIVOIRA, and used without further 
purification. 
 
Name Supplier Purity 
Nitorgen, N2 SIAD  
Oxygen, O2 SIAD  
Methane, CH4 RIVOIRA  
Carbon dioxide, CO2 SIAD  
Helium, He SIAD  
 
Table 3.2: Gas suppliers and purities used in this thesis work 
 
3.2.3 Solvent analysis  
Solvents were used as received from the suppliers, with purities detailed below. 
 
Name Structure Supplier Purity 
Chloroform 
 
SIGMA-ALDRICH  
Toluene 
 
SIGMA-ALDRICH  
DMAc 
(Dimethylacetamide) 
 
SIGMA-ALDRICH  
Methanol 
 
SIGMA-ALDRICH  
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Pentane 
 
SIGMA-ALDRICH  
Hexane 
 
SIGMA-ALDRICH  
Heptane 
 
SIGMA-ALDRICH  
DMF 
(Dimethylformamide) 
 
FLUKA  
 
Table 3.3. List of solvent suppliers and purity 
 
3.2.4 Preparation of dense polymeric films 
 
PIM-1 (Mw = 53000 Da) membrane was prepared with solvent evaporation method from a filtered 
ca. 2.0 wt.% chloroform solution, which was poured into a FEP-coated Petri dish and partially 
covered. Chloroform (Riedel de Haen, stabilized, 99.0-99.4%) evaporated from the solution after ca 
3 days under the ambient air conditions; the membrane was then placed into a vacuum oven (70 °C, 
vacuum) for 24 hours. Mass of the membranes was checked over time until it was found to be time-
invariant. The polymer was then submerged in liquid methanol for 2 hours, cut into pieces and dried 
under vacuum for 12 hours at 70 °C. This method of preparation of the membrane is a modification 
of that of M. Guiver et al. [179], in which the final drying is performed under air at 70 °C. The 
procedure is shown in Figure 3.5. 
 
Dense polymer films of TZPIM for gas sorption measurements were prepared from 1-2 wt% 
solutions in DMAc. Solutions tetrazole-modified PIM were filtered through 0.45 μm polypropylene 
filters and then poured onto Teflon Petri dishes in a vacuum oven at 80°C and allowed to evaporate 
slowly for 1 day. After several washes in water, the membranes were soaked in methanol and dried 
in a vacuum oven at 120°C for 24 h 
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The membrane film for AO-PIM-1 is produced by dissolving the polymer in a solution of 
dimethylacetamide (DMAc) (2–3% w/v) and then filteredwith1.0-μm PTFE cartridges. Isotropic 
films of AO-PIM-1were obtained by slow evaporation of the solvent at 45°C from a Teflon petri 
dish. After 2 days, the dry membranes (80–100 μm) were soaked in methanol for 24h at ambient 
conditions, air-dried, and then heated at120°C for 24h under high vacuum to remove any DMAc 
trapped in the micropores. 
 
Polynonene membranes were prepared by evaporating toluene from c.a. 1 wt. % solution of exo, 
endo-3, 4-bis(trimethylsilyl) tricyclononene [182], abbreviated as Poly (3, 4-TCNSi2), in a Teflon 
FEP-coated Petri dishes. When toluene evaporated, the membrane was kept under vacuum at 35 ºC 
for 1 day and then used for measurements. The membrane produced is with the thickness of 
(85±10) µm. 
 
                        
Fig. 3.5. Solution casting/solvent casting procedure. 
 
 
3.3 Measurement of Physical properties 
 
3.3.1 Membrane thickness 
 
The thickness of the membrane is measured using Varner caliper having an accuracy of 0.001. The 
measurement is taken at 10 different internal positions of the given membrane film and the average 
is taken as the thickness of the sample. The variation of each sample is used to calculate the 
standard deviation of the measurement from the average value. The thickness considered in this 
thesis work is in the range of 50-110 m.  
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The central part of the membrane film is considered during the measurement of thickness. This is 
because the peripheral part is thicker than the inside part. The sample for the measurement of 
sorption and permeation is also taken from the inside part as can be seen from Figure 3.6. The 
circular shaded area is 5mm wide. 
 
 
                                                               x 
                                                     x        x       x 
                                                          x        x 
                                                     x        x       x 
                                                               x 
 
Fig. 3.6. The location pattern of thickness measurement, where the circular shaded edge is 5 mm 
wide. 
 
3.3.2 Membrane density 
 
The buoyancy technique is a standard displacement technique for measuring bulk membrane 
densities and is adopted widely in the literature [185‐187]. Dense membrane samples were weighed 
using a Mettler Toledo AB204‐5 top loading balance. Samples were weighed in air (Wair) and then 
in solvent (Wsolvent). Water is used as a solvent to measure the density of PIM-1 and Heptane is used 
for the density measurement of TZPIM-1. The density of the polymeric film was then calculated by: 
 
 
3.4     Heat treatment of Polymers 
 
Heat treatment which is applied to the membranes to enhance the physical aging is applied using a 
vacuum oven. The process starts from room temperature and the temperature increases slowly to the 
temperature of heat treatment. Then the sample stays at this temperature for 24 hr under high 
vacuum. The temperature decreases slowly to room temperature to reduce the effect of quenching 
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due to sudden drop of temperature. The sample then put in the sorption equipment and put under 
vacuum overnight at the temperature of experiment.  
 
3.5     Measurement of Penetrant transport properties  
 
3.5.1 Experimental set-up 
 
Sorption experiments were performed using a self-developed pressure decay apparatus, which was 
designed in a similar way as that introduced by Sanders et al. [188]. The schematic picture of the 
setup is shown in Fig. 3.7, the experimental methods of measurements were described in paper 
[189] published in our group and presented also here un section below. The apparatus was 
constructed of stainless steel combined with aluminium face-seal gaskets (Swagelok). The 
apparatus was equipped with the Honeywell STJE absolute pressure gauges of the full-scales of 500 
psia and with the gas chromatograph Varian CP-4900 Micro-GC equipped with the capillary 
column (Varian PoraPLOT U, length 10 m, inner diameter 0.32 mm) and with the thermal 
conductivity detector. The column was maintained at 80 ºC, the column-inlet helium pressure was 
maintained at 90 kPa. The main part of the apparatus, which is separated from the surroundings 
with the valves V1, V5 and V6, was fully submerged in a water bath so that the pressure gauges 
remained above the water surface. The temperature of the water was maintained at the temperature 
of the experiment with the Techne TE-10D circulator and checked with a mercury thermometer 
having the same precision. The oil-sealed rotary vacuum pump Edwards RV3 was used. 
 
 
Fig. 3.7. Schematic drawing of pressure decay used for pure and mixed gas sorption experiment 
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Pure gas CO2 and CH4 permeability in the films was investigated by means of a closed-volume 
manometric apparatus, already described elsewhere [190, 191]. The device contains two identical 
permeation cells which can operate simultaneously, both placed in an incubator with PID 
temperature control to within ±0.1°C. The schematic diagram of permeation equipment used for this 
work is shown in Figure 3.8. 
 
The permeation system is composed of a high-pressure, upstream section and a low-pressure, 
downstream side, which are separated by a leak-proof tightened stainless steel cell where a circular 
sheet of sample is placed; a constant pressure difference is maintained across the sample and the 
amount of mass permeated is calculated from the otherwise negligible pressure increase in the 
downstream volume. Before each experiment, the samples were kept under vacuum for a minimum 
of 12 h at the temperature of the experiment, in order to ensure that any residual gaseous or vapour 
components within the sample were evacuated. 
 
Fig.3.8. Layout of permeation apparatus. 
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3.5.2 Pure gas sorption measurement 
 
The whole apparatus was kept under vacuum for at least twice the equilibration time before every 
pure gas sorption experiment. A series of pure-gas integral sorption steps was conducted by 
expanding the measured gas from the chamber V2456 (separated with valves V2, V4, V5, V6) into 
the evacuated volume with the sample (separated with V4, V7). Pressure track was acquired with 
the gauge PIT 2. When the time-invariant pressure was reached, the apparatus was vented to the 
atmosphere and evacuated. Sorption of pure methane and carbon dioxide was found to be 
reproducible within the experimental accuracy when prolonged time of desorption under vacuum 
was applied and when high pressure experiment (with methane and with carbon dioxide) was 
conducted before the pure methane and before carbon dioxide sorption experiment. Reproducibility 
of sorption of carbon dioxide was checked within the entire time of experiment (ca. 4 months), as 
the pure carbon dioxide sorption experiment is a part of the experimental procedure, and was found 
to be reproducible within the maximum experimental accuracy which is 20%. 
 
 
3.5.3 Mixed gas sorption measurement 
 
The whole apparatus was kept under vacuum for at least three hours before every mixed gas 
sorption experiment. Four methods of measurement were used in order to measure the sorption of 
mixed gases under all combinations of pressure and molar fraction of carbon dioxide in the gaseous 
phase. The methods were described in detail earlier [189]; schematic description is provided here.  
 
In the first method, carbon dioxide was filled into V2456 and the volume with the sample was kept 
under vacuum. The separating valve (V4) was then quickly opened and gradually closed when time-
invariant pressure was reached. The volume V2456 was then evacuated and filled with methane up 
to the desired pressure and V4 was then opened. The equilibration was terminated with the fast 
closure of V4 when time-invariant pressure was reached, but never earlier than 38 hours. The 
equilibrium gaseous mixture was then expanded into the helium-purged and evacuated volume that 
is separated with valves V1, V2 and V7. The sample chamber and V2456 were then evacuated, V4 
was closed and a sequence of three samples was taken through V2 into V2456. The pressure of each 
sample in V2456 was set to 3 psia; helium was then added to the total pressure of 35 psia. The 
mixture was incubated for one hour and analyzed by means of the gas chromatograph. The method 
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of quantification of molar fractions of the components of the gaseous mixture was described in 
earlier work [189]. 
 
The second method stands for the modified first method, in which the expansion of carbon dioxide 
from V2456 into the sample chamber is replaced with the direct equilibration of pure carbon 
dioxide in the sample chamber up to the desired pressure. The valve V4 is then gradually closed and 
the next steps follow the first method. 
 
The third method consists of a modification of the second method, in which carbon dioxide is firstly 
equilibrated with the sample and V4 is gradually closed. The volume V2456 is then filled with 
carbon dioxide or with methane up to the desired pressure. The second gas is then added into V2456 
up to the desired time-invariant pressure. The valve V4 is then opened and the next steps follow 
those of the first and second method. 
 
The fourth measuring method consists of a modification of the third method, in which methane is 
equilibrated firstly with the polymer at the desired pressure and V4 is gradually closed. The mixture 
of desired pressure and composition is then prepared as in the third method. The valve V4 is then 
opened and the next steps follow those of the previous methods. 
 
 
3.5.4 Pure gas permeability measurement 
 
Single gas permeability was measured on a constant volume, variable pressure (CVVP) gas 
permeation apparatus as detailed in Minelli et al [190, 191] (Figure 3.8). The feed gas was supplied 
at a fixed temperature and pressure to the membrane cell. The permeate side of the membrane 
consists of a known calibrated volume which was initially evacuated. Before determining the 
permeability, the known calibrated volume was isolated from the vacuum to evaluate the rate of air 
leaking from the ambient through fittings between tubes and valves, by monitoring the rate of 
pressure increase in the calibrated volume (under zero pressure drop). The feed gas at desired 
pressure was then preheated before proceeding to the membrane cell. The pressure increase in the 
permeate side due to the permeation of gas across the membrane was monitored. Permeability is 
then calculated using: 
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Where  
pu is upstream pressure 
pd is downstream pressure 
R is universal gas constant 
T is temperature of the system 
V is downstream volume 
l is thickness of the membrane sample 
The fickian diffusion coefficient is calculated from time lag using the following formula; 
  
 
Where 
l Membrane thickness 
tL Time lag found from tangent of steady state pressure gradient towards time axis.  
 
Solubility coefficient in this experiment can be calculated from solution-diffusion model described 
in section 2.5.3 from permeability and diffusivity coefficients calculated above. 
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4 Mixed gas sorption in PIM-based polymers 
 
4.1 Introduction  
 
Due to their good performance, PIM-based polymeric membranes are promising for natural gas 
sweetening, CO2 capture and many other applications. Among the most important features of PIM-1 
are: (i) relatively high gas permeability with good perm selectivity, which leads to data points on or 
above Robeson’s upper bound [18] for several important gas pairs and help to define the recently 
revised upper bounds [79];  (ii) extremely high solubility coefficients (iii) large free volume as 
measured by independent probe methods; (iv) low activation energies of permeation; and (v) strong 
sensitivity of the transport parameters to the protocol of film-forming procedure. 
 
In this chapter pure and mixed gas sorption of CO2 and CH4 at different temperature and pressure is 
discussed. Three PIM- based membranes are considered in this work, Polymer of Intrinsic 
microporosity-1 (PIM-1), Tetrazole containing polymer of intrinsic microporosity-1 (TZPIM-1) and 
Amidoxime functionalized polymer of intrinsic microporosity (AO-PIM-1). As cast polymer film 
membranes are used for the sorption experiment as discussed in the Chapter 3 of this thesis work. 
 
Solubility selectivity which is the main property measuring for high free volume glassy polymers is 
discussed with comparison between the polymer considered at different temperature and pressure. 
Solubility selectivity is the ratio between the solubility coefficients of highly sorbed polymer (in our 
case CO2) to that of less soluble gas (CH4) as explained in chapter 3.  
 
Finally temperature dependence of solubility in PIM-based polymers is considered for discussion. 
Comparison of pure and mixed gas sorption of CO2 and CH4 in these polymers is also the part of 
this chapter. Finally depending on the results found in this chapter conclusion will be drawn.  
 
 
4.2 Pure gas sorption in PIM-based polymers 
 
Sorption results are represented using well-known solubility isotherms which are concave in shape 
towards the pressure axis. Pure CO2 sorption in PIM-1 membrane is shown in Fig 4.1a and pure 
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CH4 sorption result is shown in Fig 4.1b at 25°C. The same type of isotherms are obtained at 
different temperature and for different polymers studied in this thesis work.  
 
 
 
 
 
 
Fig 4.1 (a). Pure CO2 gas sorption (b), Pure CH4 sorption in PIM-1 at 25°C.      
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4.3 Mixed gas sorption in PIM-based polymers 
 
Mixed gas sorption of carbon dioxide and methane at three different gas composition of  yCO2= 
0.109±0.006, yCO2= 0.313±0.002 and yCO2= 0.509±0.001  at two temperatures, 25°C, 35°C and 
50°C, and pressure up to 33 bar has been measured. Here we present only the results at 35°C for 
TZPIM-1 and AO-PIM-1, and at 50°C for PIM-1 simplicity and the results at the other temperatures 
follow the same trend as that of 35°C.  
 
The solubility isotherms of carbon dioxide and methane are shown in Fig 4.2 and 4.3 respectively at 
35°C for TZPIM and AO-PIM-1 and at 50°C for PIM-1, in the entire three polymers considered. 
For all polymers the isotherms show the well-known concave shape towards the pressure axis. 
 
The results of mixed gas experiments confirm that for all polymers, the solubility of both gases is 
lower in mixed gas conditions than for the pure gases, with larger decreases the further we are from 
pure gas conditions.  
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Fig 4.2.  Pure and Mixed gas CO2 Sorption a) in PIM-1 at 50°C b) TZPIM at 35°C and c) in AO-
PIM-1 at 35°C. 
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Fig 4.3.  Pure and mixed gas CH4 Sorption a) in PIM-1 at 50°C b) TZPIM at 35°C and c) in AO-
PIM-1 at 35°C. 
 
The effect of presence of one of the gas on the other gas solubility is clearly visible on Fig 4.4  for 
CO2 and Fig 4.5  for CH4  for the three polymer considered in the experiment PIM-1 (a), TZPIM (b) 
and AO-PIM-1 (c). The figures give the solubility of the two gases as a function of their  fugacity, 
repectively. The variation of solubility of gas due to the presence of the other gas is more 
pronounced for CH4 than CO2. Mixed gas solubility of methane varies significantly with feed gas 
composition besides methane fugacity, while on the contrary mixed gas solubility of CO2 is a 
function of CO2 fugacity and is somehow less sensitive to gas phase composition, for all polymer 
considered and temperatures inspected. Indeed that confirms the behavior already observed at 35°C 
in a previous work [223]. From this result we can conclude that carbon dioxide influences the 
solublility of methane more than methane influences carbon dioxide solubility. This competitive 
nature, which to some extent favors the CO2 with respect to CH4 solubility, is of great interest since 
it increases the separation performance of the membrane. 
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Fig 4.4.  Pure and mixed gas CO2 Sorption versus fugacity of CO2 a) in PIM-1 at 50°C b) TZPIM at 
35°C and c) in AO-PIM-1 at 35°C 
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Fig 4.5.  Pure and mixed gas CH4 Sorption versus fugacity of CH4 a) in PIM-1 at 50°C b) TZPIM at 
35°C and c) in AO-PIM-1 at 35°C 
 
 
4.4 Pure and mixed gas solubility coefficient 
 
The solubility coefficient is calculated from the ratio of sorbed concentration of the gas to its 
fugacity; mixed gas solubility coefficients of CO2 are plotted in Figure 4.6 versus total pressure for 
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the three polymer inspected at a given temperature. The corresponding plots obtained for CH4 are 
presented on Figure 4.7. The results show that for both CO2 and CH4 solubility coefficients decrease 
with total pressure at all temperatures and polymers studied, they depend significantly on the 
pressure rather than on molar fraction of the mixture.   
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Fig. 4.6 Solubility coefficient of  CO2 versus total pressures for a) PIM-1 at 50°C, b) TZPIM at 
50°C and c) AO-PIM-1 at 35°C. 
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Fig. 4.7 Solubility coefficient of  CH4 versus total pressures for a) PIM-1 at 50°C, b) TZPIM at 
50°C and c) AO-PIM-1 at 35°C. 
 
An alternative, possibly more direct representation of the solubility coefficient behaviour of the two 
gases is presented on Fig 4.8 and Fig 4.9 by reporting the experimental values versus gas fugacities 
for all the three PIM-based polymers. These results show that the solubility coefficients of the two 
gases decrease with both gas fugacities with a logarithmic trend. Solubility coefficient of CO2 
decreases with increasing of CO2 fugacity but it increases with increasing the molar fraction of CO2 
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in the gas mixture at a fixed CO2 fugacity. Solubility coefficient of CH4 follows a similar trend as 
the solubility coefficient of CO2 with respect to both CO2 fugacity and molar fraction.      
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Fig. 4.8 Solubility coefficient of  CO2 versus CO2 fugacity of the gases for a) PIM-1 at 50°C, b) 
TZPIM at 50°C and c) AO-PIM-1 at 35°C. 
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Fig. 4.9 Solubility coefficient of  CH4 versus CH4 fugacity  for a) PIM-1 at 50°C, b) TZPIM at 50°C 
and c) AO-PIM-1 at 35°C. 
 
4.5 Solubility selectivity of PIM-based polymers 
 
Pure gas and mixed gas solubility selectivity of CO2/CH4 mixture is calculated from pure and mixed 
gas solubility coefficients of CO2 and CH4 respectively at each pressure. These results are presented 
on Fig 4.10 for all PIM-based membranes. The Figure shows mixed gas and pure gas solubility 
selectivity versus fugacity of CO2. From the graph it can be seen that the pure gas solubility 
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selectivity is decreasing with respect to fugacity of CO2. Interestingly, the mixed gas solubility 
selectivity has an increasing or constant behavior with respect to fugacity of CO2. These is due to 
competition of the two gases in the mixture experiment which is absent in the pure gas experiment. 
In the mixed gas case the polymer favours CO2 more than CH4, which increases the solubility 
coefficient of CO2 and while that of CH4 remains the same as the pure one so solubility selectivity 
becomes higher. 
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Fig. 4.10 Real and Ideal CO2/CH4 solubility selectivity versus CO2 fugacity  for a) PIM-1 at 50°C, 
b) TZPIM at 50°C and c) AO-PIM-1 at 35°C. 
 
 
In a clearer way to show the effect of mixed gas condition on solubility selectivity, pure and mixed 
gas solubility selectivities are given as a ratio in Fig 4.11. Interestingly, solubility selectivity ratio 
has shown monotonous dependence on sorbed concentration of CO2. This dependence is seen with a 
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mastercurve which works in all molar fraction of CO2 and pressure range. The mastercurves are 
represented in Eq 4.1 for PIM-1, Eq 4.2 for TZPIM and Eq 4.3 for AO-PIM-1. These mastercurves 
show that solubility selectivity is highly influenced by sorbed CO2 molecules.  
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Fig. 4.11 The Ratio of  Real and Ideal CO2/CH4 solubility selectivity versus  CO2 concentration  for 
a) PIM-1 at 50°C, b) TZPIM at 50°C and c) AO-PIM-1 at 35°C. 
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4.6 Comparison of pure and mixed gas solubility in PIM-based polymer 
 
Sorption results of pure carbon dioxide and pure methane in different PIM-1based polymers are 
compared at temperature of 35°C as can be seen on Figure 4.12. The result shows that pure CO2 
sorption is almost the same for all three polymers at 35°C at lower pressure but there is a small 
difference as the pressure increases above 15 atm. The solubility of CO2 in TZPIM is smaller than 
both AO-PIM-1 and PIM-1 above 15 atm as can be seen on Fig 4.12a.  As can be seen on Fig 4.12b 
pure CH4 sorption in PIM-1 is higher than pure CH4 sorption of TZPIM and AO-PIM-1. This is 
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because the two modified polymers (TZPIM and AO-PIM-1) has high tendency of absorption 
towards CO2 which will decrease the solubility of CH4.  
 
 
 
 
 
 
Fig. 4.12 Pure gas sorbed concentration comparison of PIM-1, TZPIM-1 and AO-PIM-1 at 35°C; a) 
CO2, b) CH4 
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Fig. 4.13 Mixed gas sorbed concentration comparison of PIM-1, TZPIM-1 and AO-PIM-1 at 35°C; 
a) CO2, b) CH4 
 
Ideal and real solubility selectivity is also compared for these membranes. Ideal solubility 
selectivity of TZPIM-1 membrane is higher than both solubility selectivity of PIM-1 and AO-PIM-
1. As can be seen on Fig 4.14a the second higher solubility selectivity AO-PIM-1 followed by that 
of PIM-1. 
 
Real solubility selectivity of TZPIM is again higher than that of both AO-PIM-1 and PIM-1 as 
shown on Fig 4.14b. Though the ideal solubility selectivity of AO-PIM-1 is higher than the ideal 
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solubility selectivity of PIM-1, the reverse is true for the real solubility selectivity as can be seen on 
Fig 4.14b.  
 
 
 
 
 Fig 4.14 Real and Ideal Solubility selectivity of PIM-1, TZPIM-1 and AO-PIM-1 at 25°C; a) Ideal, 
b) Real 
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4.7 Temperature dependence of sorption in PIM-based polymers 
 
Pure gas sorption experiments of both carbon dioxide and methane in PIM-1 at two temperature 
show that the solubility decreases with increasing temperature as shown in the Fig 4.15. The same 
results are obtained for the other membranes. This explains that the solubility follows Van‘t Hoff 
trend as shown in the Fig 4.16. Enthalpy of sorption calculated from the slope of graph of solubility 
at infinite dilution versus the inverse of temperature is tabulated in table 1. 
 
 
Fig 4.15: Pure gas sorption of CO2 and CH4 at 25°C, 35°C [223], 50°C. 
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Fig 4.16: Logarithm of solubility of pure CO2 and pure CH4 versus inverse temperatures (results at 
35°C are taken from [223]) 
 
On Fig 4.17, the selectivity ratio is presented as a function of molar concentration of CO2 at three 
different temperatures 25°C, 35°C [23] and 50°C for PIM-1. The result shows that there is an 
increase in the selectivity ratio with increasing of temperature.  
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Fig 4.17: Ratio between mixed and pure gas selectivity coefficient, versus CO2 molar concentration 
at 25°C, 35°C [23] and 50°C.  
 
4.8 Conclusions 
 
Mixed gas solubility experiment of CO2 and CH4 was carried out at three temperatures, 25°C, 35°C 
and 50°C for three PIM-based membranes, by varying pressure at three constant  molar fraction of 
CO2, 10.9% ±0.59, 31.3%±0.24 and 50.9%±0.13. From the results it is observed that the real 
solubility selectivity was increased from the ideal results. This is because the solubility coefficient 
of both CO2 and CH4 decreased due to the presence of the other gas with higher decrease of 
solubility coefficient of CH4 compared to the solubility coefficient of CO2. 
 
Pure gas Solubility selectivity increases with solubility coefficient of CO2 for higher molar fraction 
of CO2 whereas it decreases with solubility coefficient of CO2 for lower molar fraction of CO2.   
Pure gas solubility selectivity of TZPIM-1 is higher than that of AO-PIM-1 and PIM-1.  Mixed gas 
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solubility selectivity of TZPIM-1 is again higher than both PIM-1 and AO-PIM-1 membrane. But 
real solubility selectivity of AO-PIM-1 is lower than that of PIM-1 though the reverse is true for the 
ideal solubility selectivity.  
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5 Mixed gas sorption in Polynonene  polymer 
 
5.1 Introduction 
 
Addition polymerization (AP) of norbornene and its derivatives has been first accomplished nearly 
20 years ago [192]. However, relatively little has been reported on the membrane parameters of 
these polymers, though their rigid chains as manifested in high glass transition temperatures can 
imply interesting properties [193-195]. 
 
Introduction of proper pendant groups in monomer unit of addition polynorbornene is the way to 
get polynorbornenes with desired properties. However, the appearance of substituents in norbornene 
molecules resulted in a decrease of the catalytic activity as monomers [196,197].  In the case of 
ring-opening metathesis polymerization (ROMP) this effect is softened to some extent by 
substantial thermodynamic driving force in the process appeared as a result of opening highly 
strained bicyclic norbornene skeleton. AP is not so thermodynamically favorable process. It is well-
known that in the case of AP the introduction of substituents, especially bulky or functional groups, 
leads to a dramatic decrease in activity of norbornene derivatives in the presence of all tested 
catalysts [198-201]. Probably, this is one of the reasons for limited number of publications devoted 
to AP of silyl-substituted norbornenes. 
 
Interesting feature of poly (3, 4-TCNSi2) and poly-(3-TCNSi) is the trend observed for permeation 
of hydrocarbons. In common glassy polymers increases in the size of penetrants result in decreases 
in permeability. Such behavior is explained by stronger effects of diffusivity and not solubility on 
the permeability coefficients. For all addition Si-containing polynorbornenes (PTMSN and its 
structure analogues) solubility controlled permeation is characteristic, that is, the changes of P and 
the solubility coefficients S are similar for penetrants series: P values increase when the critical 
temperature of the penetrants increases. Such behavior has been reported for several but not all 
polyacetylenes [202] (and not for amorphous Teflons AF7). It can be caused by weak size sieving 
ability of polyacetylenes having unusually large free volume and its specific spatial distribution 
(open porosity) as was confirmed by computer simulation [203]. In this section pure and mixed gas 
solubility coefficient of CO2 and CH4 in polynorborene membrane is presented. Solubility 
selectivity of CO2/CH4 mixture in polynonene membrane is presented in section 5.3 of this chapter. 
Finally, solubility selectivity result of CO2/CH4 mixture of polynorborene is compared with that of 
PIM-based polymers. 
78 
 
5.2    Pure gas sorption in Polynonene polymers 
 
Pure gas sorption of both CO2 and CH4 in polynonene membrane has shown the concave shown 
solubility isotherm as discussed in chapter 4 of this thesis work. Pure gas CO2 solubility is always 
higher than that of pure gas solubility of CH4 in any membrane. The results are shown in Fig 5.1a 
for pure CO2 sorption and Fig 5.1b for pure CH4 sorption.  
 
 
 
 
 
 
Fig 5.1 (a) Pure CO2 gas sorption, (b) Pure CH4 sorption in Polynonene at 35°C.      
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5.3    Mixed gas sorption in Polynonene polymers 
 
Sorption isotherms of carbon dioxide under pure gas and mixed gas conditions in polynonene 
membrane are shown in Fig 5.2a. The corresponding results for methane under the pure gas and 
mixed gas conditions are shown in Fig. 5.2b.  There is a decrease in mixed gas sorption compared 
to pure gas sorption due to the presence of the other gas in the system. This competitive effect 
finally increases the mixed gas solubility selectivity of the system.  
 
 
 
 
 
Fig 5.2.  Pure and mixed gas in Polynonene membrane at 35°C a) CO2, b) CH4. 
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To see clearly the effect of mixed gas, solubility isotherms of the gases are plotted with respect to 
their respective fugacity. The results are shown on Fig 5.3a for CO2 and Fig 5.3b for CH4. As can 
be seen on the figure below the sorbed concentration of both CO2 and CH4 in polynonene 
membrane doesn’t vary with the presence of the other gas in the system.  The behavior observed in 
experimental analysis is proved by two models used to characterize the polymers Non-equilibrium 
Lattice Fluid (NELF) and Dual mode sorption model (DMS).  
 
 
 
 
 
Fig 5.3.  Pure and mixed gas sorption versus fugacity of gases at 35°C; a) CO2, b) CH4 
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In order to present in a more direct way the mixed gas effect, we have reported the ratio between 
actual solubility coefficient and its pure gas value. Deviations from unity immediately quantify the 
deviations from the ideal pure gas behavior. Fig 5.4a shows solubility coefficients ratio for CO2 at 
35°C, while Fig 5.4b shows solubility coefficients ratio of CH4 at 35°C in polynonene membrane.  
 
The results show that all solubility coefficient ratios are below unity which means that for both 
gases there is always a solubility depression from the pure gas case due to mixed gas conditions. 
This is because of the competition between the two gases in the mixture, which lowers the solubility 
of the other gas compared to the pure gas solubility coefficient. The solubility coefficient ratio is 
more varying with respect to molar fraction of CO2 than is with respect to total pressure, as it can be 
seen from the figure. 
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Fig 5.4. Ratio between mixed and pure gas solubility coefficient of a). CO2, b) CH4, versus total gas 
pressure at 35.0°C for different molar fractions of CO2 in the gas mixture. 
 
Another way to present these data is to plot solubility coefficient ration with respect to 
concentration of co-sorbent gas. The results are shown in Fig 5.5a and b. It can be seen from the 
plot that solubility coefficient ratio of CO2 doesn’t vary with respect to concentration of CH4 as can 
be seen on Fig 5.5a. But there is a decreasing trend for solubility coefficient of CH4 with respect to 
concentration of CO2. This shows that the presence of CH4 in the mixture system doesn’t affect 
solubility of CO2 that much while the presence of CO2 in the system decreases the solubility of CH4 
as can be seen from the graph. 
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Fig 5.5. Ratio between mixed and pure gas Solubility coefficient S of (a) CH4, (b) CO2, versus 2nd 
component molar concentration at 35°C. 
 
 
5.4    Solubility selectivity of Polynonene polymers 
 
Pure gas solubility selectivity polynonene is presented on Fig 5.6a. From the result it can be seen 
that pure gas solubility selectivity follow a constant trend with respect to total pressure for 30.7 
molar percent of CO2 in the mixture, while it shows a small decrease for 50.9 molar percent of CO2. 
Pure gas solubility selectivity increases with decreasing of molar concentration of CO2. 
 
Mixed gas solubility selectivity is plotted against total pressure as can be seen on Fig 5.6b. The 
results show that there is a constant trend of mixed gas solubility selectivity with respect to total 
pressure for 50.9% CO2, while it increases for 30.7% CO2. Mixed gas solubility selectivity 
increases with increasing of molar concentration of CO2. 
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Fig 5.6. (a) Pure-gas (ideal) and (b) mixed-gas (real) solubility-selectivity for the CO2-CH4 mixture 
in Polynonene at 35°C,  for different molar fractions of CO2 in the gas mixture, versus total pressure 
 
 
5.5    Comparison of solubility of polynonene with that of PIM-based polymers 
 
In this section solubility and solubility selectivity of polynonene membrane and that of PIM-based 
membranes are compared. The results are shown on Fig 5.7a and b. From the result it can be seen 
that CO2 pure gas solubility in polynonene membrane is lower than CO2 pure gas solubility in PIM-
based membranes. Fig 5.7b shows CH4 pure gas solubility in Polynonene, PIM-1, TZPIM-1 and 
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AO-PIM-1 membrane. The result reveals that CH4 pure gas solubility in polynonene membrane is 
also lower than CH4 pure gas solubility in PIM-based membranes. But the difference between the 
pure CO2 solubility in polynonene and PIM based membranes is higher than the difference between 
pure CH4 solubility in polynonene and PIM-based membranes which reveals that the solubility 
selectivity of polynonene membrane is lower than that of PIM-based membranes.  
 
 
 
Fig. 5.7. Pure gas sorption comparison between polynonene and PIM-based membranes at 35°C; a). 
CO2 and b).CH4 
 
Mixed gas solubility of CO2 and CH4 at 50.9 molar percent of CO2 is also compared for polynonene 
and PIM-based membranes. The results are shown on Fig 5.8a, and b. From the plot of 5.8a, we can 
see that mixed gas solubility of CO2 is lower for polynonene membrane as compared to the PIM-
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based membrane. This result has the same trend with that of pure CO2 solubility in these polymers 
as explained above. On the contrary mixed gas solubility of CH4 for polynonene membrane is 
higher than that of PIM-1 and TZPIM-1 above 15 atm and it is lower than the results of PIM-1, 
TZPIM-1 and AO-PIM-1 below 15 atm. CH4 mixed gas solubility of polynonene is the same with 
that of AO-PIM-1 above 15 atm as can be seen on Fig 5.8b. 
 
 
 
Fig. 5.8.  Mixed gas sorption comparison between polynonene and PIM-based membranes at 35°C 
and 50.9% CO2; a). CO2 and b).CH4 
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Solubility selectivity of polynonene membrane for CO2/CH4 mixture is also compared with PIM-
based membranes. The results are plotted against total pressure as shown on Fig 5.9. It can be seen 
from the plot that both pure gas and mixed gas solubility selectivity of Polynonene is lower than the 
corresponding results of PIM-based polymers. Pure gas solubility selectivity of polynonene 
membrane shows a constant trend with respect to fugacity of carbon dioxide while the mixed gas 
solubility selectivity shows a slight increase with respect to fugacity of carbon dioxide. 
 
When we compare the variation of pure gas solubility selectivity of polynonene with that of PIM-
based membranes and variation of mixed gas solubility selectivity of polynonene membrane and 
PIM-based membrane, the latter is higher; this is because the methane mixed gas solubility of 
Polynonene is almost comparable to that of methane solubility in PIM-based membrane in mixed 
gas which will reduce the mixed gas solubility selectivity even more than pure gas solubility 
selectivity. 
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Fig 5.9. a) Pure gas solubility selectivity, b) mixed gas solubility selectivity of glassy polymers 
versus fugacity of CO2 at 35°C 
 
 
5.6    Conclusions 
 
Finally we can conclude that Polynonene membrane has lower pure gas and mixed gas solubility 
than the corresponding results of PIM-based membranes. Both pure gas and mixed gas solubility 
selectivity of polynonene membrane are lower than pure gas and mixed gas solubility selectivity of 
PIM-based membranes. The methane mixed gas solubility of polynonene membrane is comparable 
with that of PIM-based membranes while carbon dioxide mixed gas solubility is lower than PIM-
based membranes which make the final result of mixed gas solubility selectivity much smaller than 
the mixed gas solubility selectivity of PIM-based membranes. 
 
There is a slight increase of mixed gas solubility selectivity of polynonene membrane with respect 
to fugacity of carbon dioxide but pure gas solubility selectivity follows a constant trend with respect 
to fugacity of carbon dioxide. 
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6 Modeling of mixed gas sorption in glassy polymers 
 
6.1  Introduction 
 
In this chapter, sorption of pure and mixed gas of carbon dioxide and methane in different 
polymeric membrane material is parameterized using two well-known models. The first model 
studied here is Dual mode sorption model (DMS) at different temperature and composition of 
mixture. Non-equilibrium lattice fluid (NELF) model is also studied in detail to parametrize 
sorption of pure and mixed gas sorption of carbon dioxide and methane in PIM-1, TZPIM-1, AO-
PIM-1 and Polynonene. 
 
A gas sorption isotherm in a glassy polymer is generally concave to the pressure axis. This behavior 
is characteristic for dual-mode sorption composed of Henry’s law dissolution in an equilibrium 
region and Langmuir-type sorption in a non-equilibrium region [204-206]. This non-equilibrium 
region is directly related to the excess free volume or unrelaxed free volume in a glassy polymer 
[207]. The excess free volume reflects the non-equilibrium structure of a glassy amorphous 
polymer, which results from quenching the polymer from the rubbery to the glassy state. To date, 
various researchers have reported evaluation of the excess volume and related properties, such as 
gas sorption or dilation of glassy polymers [208–215]. For example, Paterson and Yampol’skii 
summarized solubility data of gases in a wide variety of glassy polymers [216].  
 
The NELF model is based on the use of an expression for the Gibbs free energy of the non-
equilibrium glassy mixture, which derives from the lattice fluid theory developed by Sanchez and 
Lacombe (1978), by using the polymer density as an internal state variable. Formulation of NELF 
model and several comparisons with experimental data will be considered by Doghieri et al [217-
220]. Simply based on the knowledge of pure penetrant and pure polymer PVT properties and on 
knowledge of the polymer volume, the model can indeed predict the solubility of pure and mixed 
components in a non-equilibrium glassy polymer. 
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6.2 Dual mode sorption model 
 
6.2.1 Basic concept 
 
Permeation of a gas molecule in a dense polymer film is usually governed by a solution-diffusion 
mechanism. The permeability, P, is the product of diffusivity, D, and solubility, S, when the 
downstream pressure is significantly lower than the upstream pressure, 
 
P = DS                                                                                                                                           6.1 
 
Rubbery polymers are in a hypothetical thermodynamic equilibrium liquid state and their gas 
solubility obeys Henry’s law. On the other hand, glassy polymers are typically assumed to be in a 
non-equilibrium state containing two components; a hypothetical liquid state and a solid state. Over 
the past three decades, sorption of gas molecules in glassy polymers has been described and 
analyzed by the dual-mode sorption model [204–206]. This model is based on two types of sorption 
sites that obey (i) Henry’s law dissolution and (ii) Langmuir-type sorption. The former is related to 
dissolution of gases into rubbery polymers and low molecular weight liquids. The latter is related to 
Langmuir-type sorption in porous solids. The Langmuir sorption site in a glassy polymer 
corresponds to holes or “microvoids” which arise due from the non-equilibrium nature of glassy 
polymers. 
 
The dual-mode sorption model for pure component is expressed by: 
 
H
D
1
Cbf
c kf
bf
 

                                                                                                                            6.2 
Where f is fugacity of the pure gas, kD is the Henry’s law constant, CH is the Langmuir sorption 
capacity and b is the Langmuir affinity constant.  
 
Based only on parameters of pure gases in the polymer, the concentrations of each compound of a 
binary mixture in the polymer were estimated from equations [189];  
 
H111
1 D11
11 221
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bf bf
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H222
2 D22
11 221
Cbf
ckf
bf bf
 
 
                                                                                                    6.3 
Where f1 and f2 are fugacities of gas 1 and gas 2 in the gaseous binary mixture. 
 
 
6.2.2 Dual mode sorption model for pure gas sorption 
 
Dual mode sorption model for sorption experiment in different polymeric membrane at different 
temperature was carried out to see whether the system of pure and mixed gas sorption can be 
parametrized and the results are predicted. 
 
Pure gas sorption of carbon dioxide and methane in PIM-1, TZPIM-1, AO-PIM-1 and polynonene 
at 35°C is presented on Fig 6.1 with the corresponding dual mode sorption model results. From the 
figure it can be seen that dual mode sorption model represents the experimental results quit well. 
The Dual mode parameters used for the modeling are presented on Table 6.1. 
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Fig.6.1. Dual mode model results of pure gas sorption in different membranes at 35°C; a) CO2, b) 
CH4 
 
 
KD,        
cm
3
(STP)/cm
3
(pol) atm
CH,                   
cm
3
(STP)/cm
3
(pol) b, atm
-1
KD,        
cm
3
(STP)/cm
3
(pol) atm
CH,                   
cm
3
(STP)/cm
3
(pol) b, atm
-1
PIM-1 3.081 88.5 0.4882 0.7137 66.4 0.127
TZPIM-1 2.158 83.99 0.437 0.0004 90.19 0.065
AO-PIM-1 2.663 84.46 0.3243 0.817 60.34 0.067
Polynonene 2.603 26.98 0.139 0.706 64.56 0.029
Membrane
CO2 CH4
 
Table 6.1. Dual mode parameters for pure CO2 and pure CH4 at 35°C. 
 
Dual mode sorption model is studied at different temperature for PIM-1 and TZPIM-1 up to the 
pressure range of 30 atm. The results for PIM-1 are presented on Fig 6.2. It can be revealed that 
dual mode sorption model predicts the experimental results at different temperature correctly. 
Solubility decreases with increasing of temperature and the result is well represented with the 
model. Dual mode parameters for PIM-1 at different temperatures are presented in table 6.2. 
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Fig 6.2. Pure gas sorption of PIM-1 at different temperature with dual mode model results; a) CO2, 
b) CH4 
 
KD,        
cm
3
(STP)/cm
3
(pol) atm
CH,                   
cm
3
(STP)/cm
3
(pol) b, atm
-1
KD,        
cm
3
(STP)/cm
3
(pol) atm
CH,                   
cm
3
(STP)/cm
3
(pol) b, atm
-1
25°C 3.97 91.92 0.66 0.68 77.42 0.14
35°C 3.08 88.5 0.49 0.71 66.4 0.13
50°C 1.74 84.87 0.32 0.51 58.29 0.11
Temperature
CO2 CH4
 
 
Table 6.2. Dual mode parameters for pure CO2 and pure CH4 in PIM-1 at different temperature. 
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6.2.3 Dual mode sorption model for mixed gas sorption 
 
Mixed gas sorption of carbon dioxide and methane was parametrized with dual mode sorption 
model for all the polymeric membrane studied in this thesis work at different temperatures and 
pressure range. The results are presented here for PIM-1, TZPIM-1, and Polynonene up to a 
pressure range of 30 atm. Fig 6.3 and 6.4 represents pure and mixed gas sorption experimental 
results respectively with dual mode sorption model results. It is clearly visible that dual mode 
sorption model estimate the experimental results very well in which it can be used in the absence of 
experimental data. 
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Fig.6.3. Pure and mixed gas sorption of carbon dioxide with dual mode model versus total pressure; 
a) PIM-1 at 50°C, b). TZPIM-1 at 25°C and c). Polynonene at 35°C 
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Fig.6.4. Pure and mixed gas sorption of methane with dual mode model versus total pressure; a) 
PIM-1 at 50°C, b). TZPIM-1 at 25°C and c). Polynonene at 35°C 
 
 
6.3 Non-Equilibrium Lattice Fluid model 
 
6.3.1 Basic concept 
 
Solubility of gases in rubbery polymer can be modelled using thermodynamic models based on 
activity coefficient or equation of state (EoS). Since glassy polymers are not at equilibrium such 
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approach to model the solubility of gases cannot be used. Non-equilibrium Lattice Fluid model is 
among the most used for such type of polymer. Doghieri et al [217] and Baschetti et al [221] 
describes in detail about Non-equilibrium Lattice Fluid model for pure penetrants in glassy 
polymers. The application of NELF for mixed gas penetrant is studied in detail elsewhere [222, 
223].  
In NELF model the chemical potential of a single penetrant (1) in a glassy polymer (2) has the 
form: 
(S) 0 0*
0 **2*1 11 11
11 1 1 12ln() ln(1) ( )1
R R
rr rv
r r ppp
T T
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If we consider sorption of Np penetrants in a glassy polymer, the chemical potential of i-th 
penetrant in the solid phase has the form:  
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Where  i  is volume fraction,   is dimensionless density, 
0
ir  is the number of lattice sites 
occupied by one mole of species i in the pure component lattice, 0iv  is characteristic volume. Their 
description and method of calculation is given elsewhere [217, 221, and 223]. 
 
 
6.3.2 Non-equilibrium lattice fluid model for pure gas sorption 
 
Sorption isotherms of pure carbon dioxide and pure methane in different polymeric membrane are 
examined using NELF model. The results pure gas solubility of carbon dioxide and methane in 
PIM-1, TZPIM-1, AO-PIM-1 and polynonene are presented in Fig 6.5. From the Figure it can be 
seen that Non-equilibrium lattice fluid model represents pure gas sorption experiment data for both 
carbon dioxide and methane correctly over all the pressure range considered.  
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Fig. 6.5. NELF model results of pure gas sorption in different membranes at 35°C; a) CO2, b) CH4. 
 
The model is also studied for pure gas sorption at different temperature to see its validity under 
temperature variation. Fig 6.6 plots pure gas experimental results for carbon dioxide and methane in 
PIM-1 at different temperature. The results indicate that NELF model works very well at different 
temperature.    
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Fig 6.6. Pure gas sorption of PIM-1 at different temperature with NELF model results; a) CO2, b) 
CH4 
 
 
6.3.3 Non-equilibrium lattice fluid model for mixed gas sorption 
 
NELF model prediction is performed for PIM-1, TZPIM-1 and polynonene membranes at different 
temperature and molar concentration of carbon dioxide. Fig 6.7 and 6.8 represents mixed gas 
sorption results of CO2 and CH4 respectively for different membranes.  
 
The results of NELF model represent the experimental data correctly for all the three polymers 
examined, for all temperature studied and for different molar concentration of CO2. NELF model 
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also predicts the lesser effect of carbon dioxide and methane to each other in polynonene membrane 
very well in which we can understand that the model could be used as prediction tool for in the 
absence of experimental results at all temperatures, molar concentration and pressure range.  
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Fig.6.7. Pure and mixed gas sorption of carbon dioxide with NELF model versus total pressure; a) 
PIM-1 at 50°C, b). TZPIM-1 at 25°C and c). Polynonene at 35°C 
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Fig.6.8. Pure and mixed gas sorption of methane with NELF model versus total pressure; a) PIM-1 
at 50°C, b). TZPIM-1 at 25°C and c). Polynonene at 35°C 
 
 
6.4  Conclusion  
 
From the model results and experimental value comparison, we can see that both Dual mode 
sorption and NELF model fit with the experimental data. The fitting is valid in all molar 
concentration studied, temperature examined and pressure range for all the polymeric membrane 
studied in this thesis work. This helps that the model can be used to estimate pure and mixed gas 
sorption of CO2 and CH4 under the absence of experimental results and helps to reduce the time 
required and effort to make the complex mixed gas sorption experiment. 
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7 Effect of heat treatment on solubility, diffusivity and permeability of gases in glassy polymers 
 
7.1  Introduction 
 
Physical aging, in which glassy polymeric membranes lose excess free volume through time, 
generally reduces gas permeability and increases selectivity particularly in thin films applied to gas 
separation system [224].  
 
Heat treatment is applied to polymeric film membrane to fasten physical aging and study its effect 
on transport properties of gases. PIM-1 and TZPIM-1 membranes are thermally treated at three 
different temperatures as protocol described in the methodology section. Transport properties are 
obtained through pure gas sorption experiment of carbon dioxide and methane in the given 
membranes. This chapter presents the effect of heat treatment on solubility, diffusivity and 
permeability of pure gases in PIM-1 and TZPIM-1 at different temperature.    
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7.2  Effect of heat treatment on solubility of pure gases in glassy polymer 
 
Sorption isotherms of carbon dioxide and methane for treated and untreated membrane sample is 
presented at 35°C for PIM-1 and TZPIM-1 membranes. The treatment temperatures are 120°C, 
140°C and 160°C. Fig 7.1 represents sorption isotherms of carbon dioxide and methane in PIM-1 at 
35°C and Fig 7.2 represents its solubility coefficient calculated from the ratio of sorbed 
concentration to fugacity of the given gas.  
 
The result shows that the sorption isotherms of both pure carbon dioxide and pure methane don’t 
vary with heat treatment. There is no variation for solubility coefficients of CO2 and CH4 in PIM-1 
as can be seen in Fig 7.2. 
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Fig. 7.1. Sorption isotherms of pure gases in thermally untreated and treated PIM-1 at 35°C; a) CO2, 
b).CH4 
 
 
 
 
106 
 
 
Fig.7.2. Solubility coefficient of pure gases in thermally untreated and treated PIM-1 at 35°C; a) 
CO2, b).CH4 
 
 
Pure gas sorption of CO2 and CH4 in TZPIM-1 are also examined under untreated and treated 
sample at different temperature up to a pressure range of 35 atm for CO2 and 15 atm for CH4. The 
results obtained for TZPIM-1 are plotted in Fig 7.3 and 7.4. 
 
Sorption isotherms of these gases in TZPIM-1 membrane don’t vary due the heat treatment of the 
sample. Solubility coefficients of carbon dioxide and methane are not affected by the heat treatment 
the membrane sample as can be seen on the Figure below.  
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Fig. 7.3. Sorption isotherms of pure gases in thermally untreated and treated TZPIM-1 at 35°C; a) 
CO2, b).CH4 
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Fig.7.4. Solubility coefficient of pure gases in thermally untreated and treated TZPIM-1 at 35°C; a) 
CO2, b).CH4 
 
 
7.3  Effect of heat treatment on diffusivity of pure gases in glassy polymer 
 
Diffusivity calculated from sorption kinetics of pure gas sorption experiment of carbon dioxide and 
methane is compared for heat treated and untreated sample of PIM-1 and TZPIM-1 at different 
temperatures. The results are plotted in Fig 7.5 and 7.6 for PIM-1 and TZPIM-1 membrane 
respectively at 35°C up to a pressure range of 35 atm for CO2 and 15 atm for CH4. Diffusivity is 
plotted against the average sorbed concentration of that gas in the polymer. 
 
The result shows that diffusivity coefficient of both carbon dioxide and methane has a decreasing 
trend with increasing of average sorbed concentration of the gas in the membrane except for 
methane diffusivity coefficient in TZPIM-1 membrane. The interpolating curves are there to guide 
eye. 
 
As can be seen from the plot of diffusivity coefficient and average sorbed concentration, diffusivity 
coefficient of untreated membrane sample is higher than diffusivity coefficient of the gas at all 
temperatures examined for both PIM-1 and TZPIM-1. Diffusivity selectivity coefficient decreases 
with increasing of heat treatment temperature as observed from the figure below.    
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Fig.7.5. Diffusivity coefficient of pure gases in thermally untreated and treated PIM-1 at 35°C; a) 
CO2, b).CH4 
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Fig.7.6. Diffusivity coefficient of pure gases in thermally untreated and treated TZPIM-1 at 35°C; 
a) CO2, b).CH4 
 
 
7.4  Effect of heat treatment on permeability of pure gases in glassy polymer 
 
Permeability of carbon dioxide and methane is calculated from solution-diffusion model using the 
solubility coefficient and diffusivity coefficient calculated above from pure gas sorption 
experiment. The samples are untreated and some are treated at three different temperatures as 
explained before. The results for PIM-1 and TZPIM-1 under different treatment protocol are 
presented on Fig 7.7 and 7.8 respectively with respect to total pressure.  
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Fig 7.7 revealed that permeability of both carbon dioxide and methane decreases with increasing of 
total pressure for all treated and untreated membrane sample. It also shows that the heat treatment 
on the polymeric membrane sample decreases the permeability of pure gases. As temperature of 
treatment increases, the permeability of both CO2 and CH4 in the PIM-1 membrane decreases. The 
variation is more seen on permeability of methane than permeability of carbon dioxide. 
 
 
 
 
 
Fig.7.7. Permeability of pure gases in thermally untreated and treated PIM-1 at 35°C; a) CO2, 
b).CH4 
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Fig.7.8. Permeability of pure gases in thermally untreated and treated TZPIM-1 at 35°C; a) CO2, 
b).CH4 
 
 
7.5  Conclusion 
 
Heat treatment of polymeric membranes such as PIM-1 and TZPIM-1 has shown no effect on the 
sorption isotherms of carbon dioxide and methane and also their solubility coefficient is not affected 
that much at all temperature studied and pressure range covered under the pure gas sorption 
experiment. 
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Diffusivity coefficients show a decreasing trend with respect to average sorbed concentration of the 
gases in the membrane. Heat treatment decreases the diffusivity coefficient of both carbon dioxide 
and methane in PIM-1 and TZPIM-1 at all temperature. The variation is more prominent in methane 
diffusivity coefficient than carbon dioxide. Increasing temperature of heat treatment has a 
decreasing effect on the diffusivity coefficient in both membranes for both pure gases of CO2 and 
CH4. 
 
Carbon dioxide and methane permeability decreases with respect to total pressure of sorption in the 
system.  Permeability of both gases is affected by heat treatment in which it decreases due to the 
treatment applied to membrane samples. It has also a decreasing trend with increasing of heat 
treatment temperature for all temperature the experiment was carried out and pressure range 
covered for both membranes. 
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8 Transient and Steady state diffusivity of CO2 and CH4 in PIM-1 
 
8.1  Introduction 
 
In this study, the mass transport kinetics of carbon dioxide in PIM-1 is examined, considering both 
transient sorption and steady-state permeation through the polymeric film. The conventional 
approach based on the solution-diffusion model, usually suitable to describe mass transport in dense 
non-porous polymers, is found not appropriate to offer a proper interpretation for the behaviors 
observed both in transient sorption as well as in continuous permeation.  
 
Transient sorption tests were performed through a pressure decay technique. Differential sorption 
runs were conducted for each penetrant considered, at 35°C for carbon dioxide. The equilibrium 
mass uptake was used to estimate solubility while the diffusion coefficient was obtained from the 
kinetics of the process [225]. 
 
Steady state transport was studied through permeation tests performed using the experimental setup 
already described in the methodology chapter of this thesis work. The upstream pressure was kept at 
a constant value for each step, while the downstream vessel was initially evacuated and its pressure 
monitored in time. In the case of lighter penetrants, the downstream pressure was practically always 
negligible with respect to the pressure of the upstream compartment. Diffusivity coefficient is 
calculated from time lag method and solubility coefficient is calculated from solution-diffusion 
model using permeability and diffusivity coefficient calculated from the permeation experiment. 
 
In this chapter the diffusivity results from transient sorption experiment and steady state permeation 
experiment is presented. Their difference is also presented in the last section of the chapter. 
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8.2  Transient diffusivity of CO2 in PIM-1 
 
Diffusivity coefficient calculated from transient sorption experiment using best fitting of 
mathematical model with experimental kinetics. The equation used for fitting is calculated from 
Fick’s second law using initial and boundary conditions of the system [225]. The model has a form 
of: 
 
 
                                                            8.1 
 
Figure below shows the experimental kinetics with fitting of the model as an example. 
 
 
Fig. 8.1 Sorption kinetics of pure gas experiment in polymeric membrane 
 
Transient diffusivity and sorption isotherms calculated from pure gas sorption of carbon dioxide in 
PIM-1 membrane at different temperatures are presented on Fig 8.2. Transient diffusivity result 
shows that it decreases with decreasing of experimental temperature as can be seen in Fig 8.2a. It 
also has a decreasing trend with increasing of sorbed concentration of carbon dioxide in membrane. 
Sorption isotherms are has a decreasing trend with increasing of temperature as expected. They also 
have a concave towards the pressure axis the same as the experiment performed before.  
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Fig. 8.2 Transient results of a) Diffusivity versus sorbed concentration of CO2, b) Sorption isotherm 
at different temperatures. 
 
 
8.3  Steady state diffusivity of CO2 in PIM-1 
 
Steady state diffusivity is calculated from the pure gas permeability experiment using time lag 
method. Figure 8.3 shows the experimental kinetics of pure gas permeability experiment. The 
procedure of calculation is explained in detail in methodology chapter of this thesis work. Solubility 
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coefficient is calculated from solution-diffusion model using permeability and diffusivity 
coefficient calculated from pure gas permeation experiment. 
 
 
Fig. 8.3 Permeation kinetics of pure gas experiment in polymeric membrane 
 
The steady state diffusivity, sorption isotherms and permeability results at different temperatures 
are presented on Fig 8.4. The result shows that diffusivity coefficient decreases with decreasing of 
experimental temperature as the transient diffusivity discussed above. Sorption isotherms calculated 
from solution-diffusion model is plotted against upstream pressure on Fig 8.4b. The result reveals 
that the shape is concave towards the pressure axis and it decreases with increasing of experimental 
temperature. Permeability of carbon dioxide in PIM-1 membrane is plotted against upstream 
pressure on Fig 8.4c. From the figure it can be revealed that permeability decreases with increasing 
of pressure and it increases with increasing of experimental temperature. 
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Fig. 8.4 Steady state results of a) Diffusivity versus sorbed concentration of CO2, b) Sorption 
isotherm and c) Permeability at different temperatures. 
 
 
8.4  Comparison of  Transient and steady state diffusivity 
 
Transient diffusivity calculated from pure gas sorption experiment of carbon dioxide in PIM-1 
membrane is compared with that of steady state diffusivity calculated from pure gas permeation 
experiment. The result is plotted against average sorbed concentration of carbon dioxide in the 
membrane as can be seen on Fig 8.5. 
 
From the results it is clearly visible that transient diffusivity is higher than steady state diffusivity of 
carbon dioxide in PIM-1 for all temperature examined in this thesis work in all the pressure range 
covered. This explains that sorption experiment over estimates the diffusivity coefficient than pure 
gas permeation experiment. The study should be further explained with molecular modeling of the 
polymers.   
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Fig. 8.5 Comparison of Transient and steady state diffusivity at different temperatures 
 
    
8.5  Conclusion  
 
From the results obtained in pure gas sorption experiment and pure gas permeation experiment of 
carbon dioxide in PIM-1 membrane at different temperature, it can be seen that transient diffusivity 
of carbon dioxide is higher than steady state diffusivity in all temperatures examined and pressure 
range covered in this thesis work.  This result has to be further studied and proved using molecular 
modeling of the membrane in the future.  
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9 Conclusions and Future perspectives 
 
9.1  Conclusions 
 
Mixed gas sorption of CO2 and CH4 is performed for different glassy polymers at different 
temperature and molar concentration of carbon dioxide up to a pressure range of 35 atm. The results 
show that the real solubility selectivity is higher than the ideal solubility selectivity this is because 
the solubility coefficient of methane decreased due to the competition effect of carbon dioxide in 
the system while solubility coefficient of carbon dioxide remains the same with pure gas solubility 
coefficient.     
 
Pure gas solubility selectivity of TZPIM-1 is higher than the other membranes studied in this thesis 
work. The other polymers follow in the order of PIM-1, AO-PIM-1 and Polynonene in decreasing 
order. Pure gas Solubility selectivity increases with solubility coefficient of CO2 for higher molar 
fraction of CO2 whereas it decreases with solubility coefficient of CO2 for lower molar fraction of 
CO2.    
 
Both pure gas and mixed gas solubility selectivity of polynonene membrane are lower than pure gas 
and mixed gas solubility selectivity of PIM-based membranes. The methane mixed gas solubility of 
polynonene membrane is comparable with that of PIM-based membranes while carbon dioxide 
mixed gas solubility is lower than PIM-based membranes which make the final result of mixed gas 
solubility selectivity much smaller than the mixed gas solubility selectivity of PIM-based 
membranes. 
 
There is a slight increase of mixed gas solubility selectivity of polynonene membrane with respect 
to fugacity of carbon dioxide but pure gas solubility selectivity follows a constant trend with respect 
to fugacity of carbon dioxide. 
 
From the modeling results and experimental value comparison, we can see that both Dual mode 
sorption and NELF model fit with the experimental data. The fitting is valid in all molar 
concentration studied, temperature examined and pressure range for all the polymeric membrane 
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studied in this thesis work. This helps that the model can be used to estimate pure and mixed gas 
sorption of CO2 and CH4 under the absence of experimental results and helps to reduce the time 
required and effort to make the complex mixed gas sorption experiment. 
 
Heat treatment of polymeric membranes such as PIM-1 and TZPIM-1 has shown no effect on the 
sorption isotherms of carbon dioxide and methane and also their solubility coefficient is not affected 
that much at all temperature studied and pressure range covered under the pure gas sorption 
experiment. 
 
Diffusivity coefficients show a decreasing trend with respect to average sorbed concentration of the 
gases in the membrane. Heat treatment decreases the diffusivity coefficient of both carbon dioxide 
and methane in PIM-1 and TZPIM-1 at all temperature. The variation is more prominent in methane 
diffusivity coefficient than carbon dioxide. Increasing temperature of heat treatment has a 
decreasing effect on the diffusivity coefficient in both membranes for both pure gases of CO2 and 
CH4. 
 
Carbon dioxide and methane permeability decreases with respect to total pressure of sorption in the 
system.  Permeability of both gases is affected by heat treatment in which it decreases due to the 
treatment applied to membrane samples. It has also a decreasing trend with increasing of heat 
treatment temperature for all temperature the experiment was carried out and pressure range 
covered for both membranes. 
 
Transient diffusivity of carbon dioxide in PIM-1 calculated from pure gas sorption experiment is 
higher than that steady state diffusivity calculated from the time lag method of pure gas permeation 
experiment at different temperature.  
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9.2  Future perspectives 
 
In this work the binary mixed gas sorption experiment of carbon dioxide and methane is performed. 
But in reality natural gas has some other impurities like water vapor, hydrogen sulfide etc., which 
should be considered in the future when mixed gas sorption is going to be studied using polymeric 
membranes. 
 
Both Dual mode sorption model and NELF model examined for binary mixture should also be 
extended to tertiary or more mixtures in the future. The NELF model until now is valid and 
performed for only sorption results of solubility coefficient and sorption isotherms. It has to be 
extended to diffusivity coefficient and used to predict its value. 
 
It has been seen that heat treatment of polymeric membrane for the protocol described earlier 
doesn’t affect the sorption isotherms of carbon dioxide and methane in PIM-1 and TZPIM-1 at 
different temperatures. In the future it can be studied in detail by changing the treatment protocol to 
longer time and higher temperature to see if that affect the sorption isotherm and solubility 
coefficient. 
 
Transient and steady state diffusivity effect has be further studied using structural modeling of 
polymeric materials and look in detail why the difference between the two results occurred.  
 
Finally looking for mixed gas permeability experiment will be the best idea to simulate the real life 
separation of carbon dioxide and methane or more. Modifications of polymeric intrinsic 
microporosity will be the prominent for the future natural gas purification and carbon dioxide 
capture.  
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